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:_. A...... The book is devoted to the current problem of studying the

early stages of evolution of the Earth-Moon system, including the formation

lof sucessively the theoretical model of the forma-the Moon. It discusses

tion of the Moon in the circumterrestrial swarm,,which was developed by

the author on the basis of an idea by Academician O:Yu. Shmidt on the form-

ation of satellites as a process accompanying the growth of the planets.

It briefly summarizes data on the Moon, obtained with its conquest by the

methods of the Earth sciences, Considers the tidal evolution of the Earth-

Moon system, presents a survey of the various hypotheses about the origin

of the Moon and gives a critical evaluation of them. A model of the form-

_tion of the Moon is then considered: the generation of a circumterrestrial

satellite swarm during the accumulation of the Earth and the growth of the

Moon in the circ_mterrestrial satellite swarm. The origin of the satellites

Df the other planets of the solar system is considerod.

The book is intended for astronomers, geophysicists, geochemists and

investigators of the Moon and planets. Ten taoles, 61 illustrations,

biblio__$r_aPh_" of 223_ citations. _ ......
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The book is devoted to the current problem of studying the early

stages of evolution of the Eorth-Moon system, including the formation

of the Moon. It discusses successively the theoretical model of the

formation of' the moon in the circumterrest_'lal swarn], which was

developed by the author on the basis of an idea by Academician O.Yu.

Shmidt on the formation Of satellites as a process accompanying the

growth of the planets. It briefly summarizes data on the Moon, ob-

tained with its conquest by the methods of the Earth sciences, con-

siders the tidal evolution of the Earth-Moon system, presents a 3urvey

of the various hypotheses about the origin of the Moon and gives a

critical evaluation of them. A model of the fermation of the Moon is

then considered: the generation of a circ_terrestrial satellite

swarm during the accumulation _f the Earth and the growth of the Moon

in the circumterrestrial satellite swar_ The origin of the sate]-

lites of the other planets of the solar system is considered.

The book is intended for astronomers, geovnysicists, geochemists

and investigators of the Moon and planets. Ten tables, 61 illustra-

tions, bibliography of 223 citations.
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PREFACE

P

_k

The conquest of the Moon during the 1950's and 60's is one of

the brightest pages in the history of mankind. The main problem --

to obtain new information for science -- united the work of scientists,

the talents of designers and the heroism of the spacecraft crews.

The b_sic scientific goal of the conquest of the Moon was and remains

the study of the early history and origin of the Earth and the other

planets of the solar system. The solution of this problem would give

an enormous contribution to the Earth sciences, since it is still im-

possible to understand the internal structure of the Earth without

knowing its history.

A systematic study of the Origin of the Earth as a part of a

complex astronomical and geophysical problem was begun in the late

1930's and early 40's at the Institute of Earth Physics AN SSSR under

the initiative of Academician O.Yu. Shmidt. His idea on the gradual

accumulation of the Earth from small solid particles was then developed

and supplemented and a physical mechanical model of the formation and

evolution of the Earth, which also agrees with the hypotheses of geo-

chemical evolution, was developed at the Institute on its basis.

The study of the origin of the Moon at the Institute of Earth

Physics was begun only at the end of the 1940's, also on the basis

of an idea of O.Yu. Shmidt, in this case the idea about the formation

of•satellites in the vicinity of the growing planets. The develop-

ment of this model has shown that the fe,mation of satellites close

to the planets does not simply copy the formation _f the planets

close to the Sun, their differences are developed here. In addition

to this, the evolution of the Earth-Moon system has features peculiar

to this system only. The tremendous amount of ne_ data•obtained from

direct investigations of the Moon has forced a reconsideration of

all the existing concepts of the origin of the Moon, including that

developed by us. A whole series of advantages of the model of the

formation of the Moon in the vicinity of the Earth has been developed.

This has stimulated continuation of the work and the elaboration of

/3*
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certain stages of the early history of the Moon. The main goal of

the investlgation_ has been to develop a theoretical model of the form-

ation of the Moon, which, firstly, would be compatible both with the

previousl_ known data about the Moon as well as with factors obtained

recently by direct conquest of the Moon; secondly, would conform with

the history off the lunar orb!t which has experienced significant

changes because of tidal friction; thirdly, would be joined to the

process of the formation of the Earth. An attempt to construct such

a model is made in th_s book.

The book consists cf six chapters. Factual data about the Moon

is presented in the first chapter, the tidal evolution of the Earth-

Moon system is discussed in the second, various points of view on the

origin of the Moon are compared in the third, and the model of the

formation of the Moon andsatellites, developedat the Institute of

Earth Physics, is discussed in the last three chapters. The work

was carried out in the Planetary Geophysics Group of the In:;titute,

first in the Terrestrial Evolution Section, and then in the Theore'

tieal Physics Section. The author thanks co-workers of both sections

for help and consideration.

/__4
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Chapter 1

DATAONTHEMOON

The Moon was a purely astronomical research object as early as
the 1930's, which occupied small groups of scientists at a small num-
ber of observatories of the world. In the 1940's, interest grew In
the Moon as the celestial object closest to th$ Earth, which is acces-

, sible for study wlth the help of space techn_logy. The tremendous
importance of the Moon for the early history of the solar system was
realized at the Same time. The Moonbecame considered as a "corner-

stone" of planetary cosmogony almost in the literal sense: it was
proposed that primary material, from which the terrestrial planets
were formed, would be found on its surface. This caused a sharp

upward flight of ground-based investigations of the Moon at first,
and then its direct conquest.

This chapter is devoted to a survey of those results, which have
been obtained for the Moon as an object of geophysical and geochemical
research. But It should be noted first that ground-based methods
for investigating the Moon have brought a tremendous amount of data
about its properties, in spite of the fact that only different sec-
tions of the spectrum of light reflected and reradlated by the Moon
have been investigated and the apparent motion of the Moon relative to
the stars has been measured. Soviet astronomers have made a great con-
trlbutlon to photometric investigations of the Moon, which have given
accurate representation of the microstructure and color of the lunar
Soil. The figure of the Moon has been studied for many decades in the
USSRwlth the help of gr0und-based optical methods. A theory of ra-
dio emission of the Moon was created in the 1940's and 50's and experi-
mental data were first obtained on the variation In temperature of the
lunar soil with depth, which permitted an evaluation of the thermal

] flux from the interior of the Moon averaged over the entire disc.French astronomers first developed the polarlmetric methods for in-
vestigating the surfaces of the Moon and the planets and obtained

i{ the best ground-based photographs of the Moon. Detailed photographic
{I atlases of the Moonwere produced in the USA and radar techniques

_ J

i| were developed for studying the mesorellef of the Moon, invisible
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Figure i.I. Footprint of astro-
naut in the lunar soil.

telescope. Finally, scientists of

various countrieshave carried out /6

diverse laboratory investigations,

which permitted a successful simulation

of the lunar soil several years before

its conquest.

It had been recognized by then

that there is no loose dust on the

surface of the Moon, but there is a

peculiar caked porous layer of low

strength, which forms holes with

vertical walls when Pressed. This

layer is called regollth, i.e., cap

rock. The term "regollth" is also applied to the surface layer of

small stoney satellites, whose surface is found under similar conditions

to those of the surface of the Moon.

Figure i.I shows the footprint of an astronaut in the lunar rego-

lith, which illustrates the accuracy of the prior model of the lunar

soil. The absence of water and atmosphere have resulted in the re-

markable preservation of the ancient lunar relief. It has been created

both by external factors and internal proce_:ses, and lunar geology must

accurately take this fact into account.

1.1. Geology of the Moon

The geology of the Moon is the science studying the surface forms

of the Moon with the help of the techniques developed for the Earth.

The surface of the Moon has been studied for a long time from photo,

graphs, where the sharp shadows have permitted evaluation of the height

of mountains and circular ridges with an accuracy to several tens of

meters. All the formations with horizontal dimensions more than 1 km

have been studied in detail from ground-based photograph's. It is now

well known that the entire Moon is covered with circular maria and

craters of all possible dimensions from the thousand-kilometer

craters of Mare Imbrium and Mare 0rientalis to microscopic craters.

Many traces of the collapse of ridges and filling in of craters by lava

are evident in them, but nowhere are there any significant horizontal

2
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shifts, from which one would even suspect "plate tectonics." Folded

formations, so typical for the Earth, are also absent on the Moon.

Nowhere on the Moon are there sedimentary rocks or any traces of water

erosion of the surface.

/_!7

There is another contrast to the terrestrial surface in that

there is no boundary layer on the Moon. A large part of the surface

the eleva ed highland regions are composed of rocks enriched

with aluminum, calcium and silicon anorthosltes, in whose composi-

tion plag±oclase predominates. A small part the depressed parts,

the "maria" -- are filled with congealed basaltic lava enriched with

oxides of iron, magnesium and titanium. This also results in the very

dark coloration of the mare basalts, similar in darkness to coal. The

Moon is now actually in tectonic rest and in relative rest from exter-

nal forces. However, in the first billion years both external and in-

ternal forces had a very active effect, which led to the extremely com-

plex and peculiar structure of the lunar crust.

The presence of the tremendous number of craters on the Moon has

generated an effective method for stydying its surface crater stat-

istics, which supplements the ordinary terrestrial geological techniques

of morphology and stratigraphy. The use of crater statistics for

studying the history of the lunar surface must be based on an accurate

theory of the origin of the craters. The old controversy between sup-

porters of the volcanic and impact origin of the circular lunar forms

can be considered resolved in favor of the impact origin. Let us enu-

merate the main arguments of this theory.

l° There is a clear regularity in the growth of the number of

craters with decreasing dimension, which is described by a power law of

the form:

d,V(a) -_,,_a"da, (I i)
... ,

where a is the radius of the crater, N is the number of craters with

radii in the Interv&l from a + da to a da, and the range in dimen-

sions is about 12 orders of magnitude. This formula reflects the mass

distribution of objects falling on the Moon. This regularity is uniform

for the maria and for the highlands, but the absolute number of craters

of a given size per unit area of the highlands is always approximately

" ° 3



Figure 1.2. Diameter distri-
bution of craters: D- diameter;

f - integral number of craters

larger.than the given dimension

per 1 km 2. Craters: l- high-
land; 2- "mare period; 3- "post-
mare."
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Figure 1.3. Dependence of the
depth (d) and diameter (D) for

various explosion craters:

I- craters from explosions;

2- meteoritic craters;

3- lunar craters

30 times greater than the corres-

ponding number of craters per unit

area of the maria (Figure 1.2) [I].

Such a phenomenon is inexplicable

for volcanic processes.

2. The distribution of crater

centers on a given uniform surface

(mare or highland) is random, if one

rejects the grouping of secondary cra-

ters and takes into account the obli-

teration of the previous relief with

the fall of larger objects. Moreover,

the distribution of volcanoes on a /8

•surface is usually coordinated with

specific tectonic zones. There are

volcanic formations on the Moon -

not craters, but hills resembling ex-

tinct volcanoes on Earth in form and

size. They are located in groups in

Mare Imbrium, close to Copernicus and

in Mare Nubium [2].

3. The shape of craters is

such that the volume of the ridge is

approximately equal to the volume Of

the crater (Schr6ter's rule). This

relation results from the ballistic

theory of craters. The depth-dla-

meter relation for lunar craters fits

into the unique dependence constructed

for terrestrial explosion craters

and terrestrial meteoritic craters

[3] (Figure 1.3). Neither terrestrial

volcanoes nor calderas, i.e., collapsed

formations of the volcanic type, have

such properties. Moreover, calderas

never have such perfectly circular



formations, as if outlined by a circle, as is characteristic of lunar
craters.

4. The density of craters on the maria (they are called "post-
mare") is such that they correspond roughly to the present spatial
density of interplanetary objects reaching the zone of the Earth and
capable of providing the required bombardment. Fossil craters on
the Earth with ages up to one billion years give a similar distribution
frequency per unit area. The contribution of meteoritic material in
the lunar regolith, calculated from interplanetary bombardment, has
been estimated as approximately 3%[4]. Direct determinations by
chemical analysis have given for the meteoritic admixture 1.5 - 2%
[5,6]; this can be considered good verification of the theory of me-
teoritic bombardment of the Moon.

5. The discovery in 1971 of craters of magnitude up to 6 kunon
Phobos, the satellite Of Mars, with the largest diameter of about 25
ks also serves as verification of the impact theory, since the volcanic
origin of craters is excluded on such a small object.

The application of craterstatistlcs previously permitted evalu-
ating the relative ages of portions of the lunar surface. Now, after
laboratory determinations of the ages of lunar rocks, it has become
possible to use the data Of crater counts for also determining the ab-
solute ages. The densities of craters per unit area from the data
of Hartmann [7] are presentedln Table 1 and the determinations of the

ages of rocks collected by the Apollo expeditions are presented from
the Rb/Sr determinations by Wasserburg and co-workers [8]. The age of
rocks for the Apennines are taken from the data of [9], where the
40Ar/39Ar method was used. The age of Copernicus is determined indi-
rectly as the age of the light material, presumed to belong to the ray
of Copernicus. The data of Silver [I0] were used.

The dependence of the intensity of crater formation (in units of
the present intensity) with time (Figare 1.4) can be obtained from
the smoothed data of Table i. A specific rate of bombardment, which

is characterized by a "halfalife" _i/2' is peculiar to each epoch in

5
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TABLE I

CRATER DENSITY DISTRIBUTIONS F PER UNIT AREA (IN UNITS OF THE AVERAGE

DENSITY OF THE POST-MARE CRATERS) AND DETERMINATIONS OF THE AGES t FOR
VARIOUS PARTS OF THE LUNAR SURFACE.

Part [ F it'!0-2, years i Notes

Tycho o.o6 0.7/:0,5

Palus Putreiloinis (Apollo

15 ) o.3_ 3.3!o,_,

Cop e rn icu s 0.5 0,.%

Mare Fecunditatis (Luna- 0,6

16)

Oceanus Procellerum (Apol- 0,7_

lo-12)

Mare Tranquillitatis

(Apollo-ll)

Fra Mauro (Apollo-14)

Apennines (Apollo-15)

Highlands

1,6

2,5

2,9

32

3.45

3,1[_- -3,37

3,'v_ --3,72

3,85-h3,:h;

4,09-}.0, I9

4,_ ---,J .

a constant rate of crater

formation Js assumed

From one sample

Age from Pb isotopes for

material of a ray of Co-

pernicus
From one sampie

From 9 samples

From 7 samples

From 6 samples

From 1 sample

The surface was formed

almost at the same time
as the Moon

" 20¢3
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o
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..- ¢,/z * " years

,.'. - years

| 1 I , ]

-q -3 -Z -I g

t,. billion years ,

Figure 1.4. History of crater
formation on the Moon.

N

Figure 1.5. Distribution of im-
pact maria and the minimum halos
of ejections from them onto the
visible surface of the Moon. The

numbers give the time sequence of
the formations.
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the past. By _!12 is meant the time for the attenuation of the bom-

bardment intensity by 2 times, i.e., the time for the Moon to scoop up

half of the falling objects from their orbits (assumed geocentric).

The high ra_e of bombardment of the lunar surface during the first

half billion years of its existence has very much complicated the

interpretation of present observational data In particular, it is very

difficult to Judge the role of endogenic processes in the highland

regions, which were formed before the lunar maria and are composed of

different rocks (cf. ].3).

At the beginning of the conquest of the Moon, when the landing

sites of expeditions were still mare sections, a concept was put to-

gether abcut the highlands as a solidified anorthe_ite "raft", never

having molted from the heavier magma [ll]. An age was attributed to

this "raft" as ancient as the age of the Moon, i.e., (4.5 - 4.6) "I09

years. However, the hundreds of kilograms of the most ancient anor-

thositic samples collected by the expeditions to the highland parts

were found to be no older than 4 billion years in an overwhelming ma-

jority. A large number of such Samples were undoubtedly the results of

ejections from the interior of the Moon. However, many of them had

undergone secondary melting with impact (cf. section 1 in book [12]).

It is now clear that if some layers of primary crust of the Moon melted

out in the place of the highlands at first, by the present this lay-

ered structure could nob be preserved in view of the reworking by impact

of meteorites to a depth of tens of kilometers. This conclusion is

clearly verified by the great abundance of breccias among the samples

of highland rock, i.e. conglomerates of varied mineral fragments cemented

into lumps. At the end of the period of enhanced bombardment, when an

overwhelming majority of the craters on the highlands were already

formed, impact excavation of the maria occurred (probably (3.9 - 3.95)

109 years ago).

/ii

The position of the mare basins on the visible side of the Moon

with numbers denoting the sequence of their formation is shown in

the diagram presented in Figure 1.5 and the minimum regions covered by

the ejections from their craters are outlined [13]. It is possible that

7
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allthe remaining surface of the Moon is covered by the ejections with the

excavation of the maria; thus, it is extremely difficult to find the

"primary" material of the Moon anywhere. All the mountains on the

Moon are related in one way or another to ejections from the mare

basins or large craters. Thus, they have an embanked origin, completely

uncharacteristic.of terrestrial mountains.

The role of endogenic processes on the Moon is clearly seen on the

maria and in craters with lava-filled bottoms. There isno doubt at

all that the mare lava was evolved as a result of the melting of the

interior of the Moon and is not a product of the melting of only parts

of the surface with impacts of celestial objects, as was propnsed by

Urey [14]. Even earlier, Kuiper concluded from the higher density of

craters on the ejections from the bow_] of Mare Imbrlum than on the

Mare itself that lava filled Mare imbrium later than its basin was

formed [2]. Radioactive dating now confirms this. The time of impact

excavation of Mare Imbrium is about 3.9 " l0 9 years, while the age of

its lava in different sections is 3.3 and 3.2 i09 years [8]. Nowhere

on the Moon have been found traces of ejections later than 3.1 • 109

years. This also indicates that the internal life of the Moon died

long ago, which is also indicated by the very low seismisity of the

Moon, now estimated as at most 10 -9 of the Earth (cf. below, 1.4).

An important problem of lunar geology is the difficult deciphering

of the history of the surface of the Moon at the earliest stage of its

existence during the first half billion years, whlch is also necessary

for understanding the early history of the Earth, for which this per-

iod has not left any observable evidence on the surface.

1.2. Geochemistry of the Moon /12

The geochemistry of the Moon is also very closely related _;o space

chemistry. Of the material brought back from the Moon, 95% originated

somehow or other from basaltic magmas. The composition of these mag-

mas differs greatly from any primary material, which could have evolved

from the circumsolar gas-dust cloud. Space chemistry has set the goal

of finding the limitations on the composition of the lunar interior,

:! 8



which follow from analysis of ejected rock collected on the surface.

The six Apollo expeditions and the two automatic stations Luna-16

_nd Luna-20 have brought back to the Earth samples from 8 points of

the lunar surface on the visible hemisphere (cf. Figure on the cover,

where the circles denote the landing sites of the Luna stations, the

triangles those of the Apollo). The surface of the Moon is evideptly

more homogeneous in the lithologic respect than the surface of the

Earth, for which the collection of samples of all _ points of the sur-

face would not give an adequate representation of its structure. The

high-latitude regions adjacent to the poles and the back side of

the Moon have not been investigated at all. However, in spite of this,

the available chemical data should be assumed _s representative of the

composition of the lunar surface as a whole.

PhotograFhic survey of the entire Moon indicates that its entire

surface consists of two basic types of crust: highland and mare, where

the highlands predominate at the poles _]d on the back side. The in-

vestigation of x-ray fluorescence of the surface, performed on Apollo-

15, showed the uniformity of the ratios of AI/SI and Mg/Si for the

highlands of the visible and back hemispheres, which indicates their

similar chemical composition. The composition of the top lunar layer

(regolith) reflects the composition of lower-lying layers. However,

an admixture of extra-lunar material is noted in it. Thus, the compo-

sltion of the lunar interior has been studied mainly from intact pieces

of ejected rock.

Table 2, compiled from the data of works [15-17], gives a repre-

sentation of the basic elemental composition of the lunar material.

The content Of the II most abundant oxides in lunar rocks is presented.

The most abundant of them, silica Si02, i s also the most stable in con-

centration from sample to sample. Its concentration varies about 40%.

Up to now, the unique exception is sample ].2013, a small pebble of di-

mensions 2 X 3 X 4 cm, similar in composition to granite, where the

SiO 2 content is about 60% [18]. Iron, aluminum, titanium and magne-

sium have the most Variable concentrations. The calcium content is

enhanced in the highland basalts. The variations in content of these

elements is greater than in the terrestrial varieties of ba_alts.



TABLE2
CHEMICALCOMPOSITION(% BY WEIGHT)OFLUNARBAS_LTSAS COMPAREDTO THE

COMPOSITIONOF TERRESTRIALBASALTSANDMETEORITES.

Rocks, reg%on, expedl- t
tion slo m "i'loj All(), Ft.,'} _||() %| ,'L_ Na,o KsO |'sOs CrtO_
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1

MARE BASALTS

Mare Tranquillitatis
(Apollo-ll*)
Oceanus Procellerum

(Apollo-12)
Mare Imbrium(Apollo-15)

Mare Serenitatis, Taurus-
Littrow (Apollo-i7)
Mare Fecunditatis

(Luna-]6)
HIGHLAND BASALTS

Fra" Maure (Apollo-14)

Descs_tes_'(Apollo-16)

Tzurus-Littrow (Apollo-
17)

KREEP-EASALTS

Fra Mauro (Apollo-14)
Descartes (Apollo-16)
TERRESTRIAL BASALTS

Ocean floor basalts

• METEORITES

Basaltic achondrites
Chondrites

40.7 ll,0 9.4317.',2
45,0 ".q7 5.7619.7

9") 'J45,0 2,34 _._! _...I

37,19 13,14 _,1 I:J.62

42,95 5.5 t_._ 2').17

48 1,5 t2.0 t6
45,4 0°32 2_,(;3 .'.25
48.5 0,!_5 17.2 !1.4

0.2:1 7.34 10,52 0,49 0, i8 0.12 0.32

0.27 10.9 9.97 0,33 0.05 0.09 0.50

0._) 9.08 10.27 0,28 0.03 0.05 --

0,23 _.52 10. i3 0.32 O.Oi 0.09 0,42

0,2! 6.05 10,8 0j.23 0_16 0o14 0,.2_

0."9 _,4 12 ()._ 0.14 -- 0,4_

0,06 4.,_ |6.39 0,41 0.(_1 0.07 -_

--- 8.9; I 1.6 0.',0 0.25 -- --

50 !,3 20 7.7 O. !/ 8 t I 0.G3 0.53 -- --
47,18 !.04 1'J.98 7.91 Oe|2 IO.:ti 12.03 0.41 0.32 0.40 --

49,15 2.09 15.09 7.5S'* 0.17 7_75 tO,_CI 2.23 0.3 0.23 --

49.0 0,61"1t.95 t8,05 0.52 9.73 9.03 0.40 0.05 0.1_ 0.4S
1_.,., 0.25 22.8_ to95 0°98 0.17 0.21 0.3638,_ O,tt 2.7_ " '"

i

* From the data of Gast [15].

** Fe203 content equals 3.35% by weight.

Thus, horizontal chemical inhomogeneities of the Mo_n are observed

within the two basic lithologic types of lunar crust. Comparlson with

terrestrial basalts indicates that the lunar mare basalts are more like

the terrestrial u_saturated (low Si02 content) olivine basalts in

CaO and A1203, while the lunar highland rocks with low iron cortent

are more like the basalts of the terrestrial ocean ridges. Iron is

greater on the whole in lunar basalts than in terrestrial; however,

they are mainly represented in the divalent form, excepting only small

admixtures of metallic iron, whereas terrestrial basalts always co_tain

significant prcportions of trivalent iron (cf. Table 2).

/14

An important charactersitic of the composition of the lunar ma-

terial is its content of mlcroelements. The first detailed analysis

of lunar rocks has already shown significant differences of their

i0
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content in lunar and terrestrial basalts (Figure 1.6) [5]•
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Figure 1.6• Content of the various elements of the periodic table

in the basalts of Mare Tranquillitatis with respect to the terrestrial
continental basalts.

in

Gast [15] has divided the microelements into three main cate-

gories, which can aid the diagnostics of space chemical processes:

siderophylic elements, volatile elements and elements of large ionic

radius.

The siderophylic elements -- Au, Oe, Ru, Rh, Pd, Re, Os, It, Pt,

Ni, Co -- are the elements more easily reduced than iron and usually

accompanying iron in thelcomposition of meteorites• As a rule, they

are scarce in lunar basalts as compared to terrestrial basa!ts, in which

in turn they are scarce as compared to chondrites (Figure 1.7). It is

slgnificane that the proportions between the contents of all the sider-

ophylic elements in lunar rocks is quite different than in terrestrial

rocks• This indicates a difference of geochemical processes in the

lunar interior and the processes in the terrestrial mantle• In par-

ticular, this fact contradicts the hypotheses of the splitting off of

the Moon from the mantle of the Earth after the melting of the terres-

trial iron core [19]. One of the scarcer microelements in lunar ba-

salts is gold: It Is 10 2 times less than in terrestrial basalts (Fi-

gure 1.7). At the same time, it is significantly greater in the lunar

regolith• The admixture of gold into the regollth serves as one of

/I__Z
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Figure 1.7. Content of the slderophylic elements in lunar (1,2) and

terrestrial (3) basalts with respect to the content in chondrites:

I- data of Apollo-ll; 2- Apollo-12.

Figure 1.8. Content of volatile elements in terrestriai (I) and lunar

(2) basalts and also in basaltic achondrites (3) with respect to the

average content for carbonaceous ehondrites of the first and second

type.

the indications of the introduction of meteoritic material into the

surface layer of the Moon [5].

The volatile elements are the group of low-melting elements with

melting temperatures below 600°K. These include Pb, Bi, TI, In, Hg,

and Zn, Cd, Cl, Br are also closely adjoining. Almost all these

elements are depleted in the lunar basalts by one to three orders of

magnitude as compared to terrestrial basa!ts, which also contain

these elements in significantly smaller amounts as compared to carbon-

aceous ehondrites of the first and second type, most enriched in the

volatile components (Figure 1.8, and also 1.6). The depletion of the

volatile elements in lunar basalts is regularly accompanied by their

enrichment with hlgh-melting elements, such as U, Th, Ba and the rare-

Earth elements. This property of the ejected rocks of the Moon has

paramount importance for understanding the process of the accumulation

of the Moon. Since the loss of such heavy elements as Pb, Bi, T1 from

the surface of the Moon due to thermal dissipation is negligibly small,

then in view of their volatility these elements can only migrate over

the lunar surface [20], which does not significantly reflect on their

I

J

i

i
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average contents in the ejected rocks, which remain very low*. Potas-

sium is also a comparatively volatile element. Its content in the

Moon is several times less than in the Earth, which appears in the de-

creased ratio of potassium to uranium.

The systematic depletion of the Moon by all the groups of volatile

microelements can be interpreted only as their deficit in the material

of the Moon arising up to its accumulation. The mechanism of this de-

pletion must also include the enrichment by the high-melting substances.

The procedure for differentiating the pre-lunar material according

to volatility, which could be accamplished with the formation of the

Moon from the circumterrestrial swarm of satellites, is discussed in

Chapter 5.

The lithophylic elements of large ionic radius are K, Rb, Cs, Ba,

U, Th and the rare-Earth elements or, as they are abbreviated in the

literature, REE. These elements have the properties of being accumu-

lated in the crust. The mare basalts, in which the enhanced content

of potassium, the hare-Earth elements and phosphorous were first dis-

covered, were denoted by the abbreviation KREEP from the first letters

of these components (cf. Table 2). Later, when it was discovered that

uranium and thorium frequently adjoin this group cf elements, the term

KREEFUTh was sometimes used. The great variation in the content of

this group of elements between the mare and highland rocks led to the

concept of "KREEP-enriched" (or simple KREEP) and "KREEP-depleted."

There is not yet a corresponding term in the Russian language. A

sharply reduced content of europium and strontium as compared to the

other elements, whose relative enrichment is the order of 10 2 , is ob-

served in KREEP-enrlched basalts. This is related to the difference

in the oxidation-reduction conditions in lunar and terrestrial basalts.

On the whole, the enrichment by the lithophylic elements of large ionic

radius is correlated with the enrichment by aluminum and the depletion

by iron. The Fe/AI ratio increases for KREEP-depleted rocks.

* The migration of lead appears only in the accuracy of the uranium-lead

method for determining the ages of lunar rocks. Because of the deple-
tion in the Moon of nonradlogenic lead, almost all the lead on the Moon

is of radiogenic origin. The discovery of its migration over the sur-
face has led to the rubldlum-strontium and potasslum-argon methods be-

coming preferred as the methods for radioactive dating.

<_ 13



TABLE3*
CHEMICALCOMPOSITION (g BY WEIGHT) OF ANORTHOSITIC ROCKS OF THE MOON FROM

VARIOUS REGIONS

lil
Lunar anorth0sltes

Apollo-ll

Apollo-14

Apollo-15
Apollo-16

Apollo-17
Luna-16

Luna-20

46,() o.:', 27.2, 6.2 0,! 7,9 [l,l 0,3 c.'t. -- 0,2

"t3,.",_ (_.19 2.2,2.q '_,56 _,t,; 15.X2 12.27 O,2,q O.OG 0,03 --

;_,0g (_,_12 ::t;.Lq11,29 ,_.t;,,o,,19 19J;S n,31 I),,JI O.Ol --

_;,97 t_,i)2 :Vs,_<_ O,2G -- at,25 18,.q50,:V, u,O! -- ca.

•I".7 -- 3_,9 0,2 -- 0,1 19,1 O,OL 0,1 0,2 ¢..L

42,9 t',J_2 3v,,_ 1,9.q O,OI 2,52 18,t 0,_; 0,o2 0,03 ,J,OL

4',,2 t),32 19,1 t;.gl 11,12 1_,37 13,30,.iS 6).'J 0,17 0,18

Terrestrial anorthosites 51,5_..,5'_'27,.7Z 1.72 O,,:2 9,85 9,62 '_,fg;I,O_,g_,|! __

NOTE: Data of Table are taken from work [17].

* Translator's note: Commas in numbers represent decimal points.

There is the greatest interest in the problem of the origin of the

oldest magmatic rocks: whether they are products of differentiation

of large strata of the Moon, metamorphosed with impacts, or whether

they first arose as products of melting with intensive crater bombard-

ment. The degree of concentration in the lunar crust of the litho-

phylic elements of large ionic radius as compared to their concentra-

tions over the whole Moon (if this were known) would give an answer

to this problem. The lunar crust composed of anorthosltes (Table 3),

mare basalts and underlying anorthositic gabbros has a thickness

of about 65 _n. Judging from seismic velocities, ultrabaslc rocks

occur at greater depths (cf. below). There was evidently differentia-

tion in depth. This follows mainly from the high concentration of

uranium and thorium in the surface layers, which is impossible for the

whole Moon, since the Moon would be molten in this case. The other

elements exhibit a less sharp concentration, while the degree of their

concentration in the crust increases both with the value of the ionic

radius as well as with valence. The greater a given element differs

from iron and magnesium in these quantities, the greater its concen-

tration in the crust (cf. Table 4 and Figure 1.9, which we have quoted

from [13]).

In spite of the described regularities, the chemical composition

of the surface of the lunar rocks is very inhomogeneous. Melting in

different places of the lunar interior must have been local features,

14
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since the basaltic lavas could not have been products of a single mag-

matlc center. The three main types of magmatic rocks are the following:

mare basalts, enriched with iron and darker in color; KREEP-basalts,

also enriched with _Th and A1; anorthosites or rocks enriched with

plagioclase the light rocks of the highlands. They do not have the

same enrichment of U, Th and REE, but there is a systematic anticor-

relation of A1 and Fe + Mg.

TABLE 4*

ELEMENTAL COMPOSITION OF THE MOON AND HIGHLAND CRUST (_I0% OF THE VOLUME
OF THE MOON)

I_ i Content % in crust with
Element n Moon In highland crust respect to entire

Moon

Si 15.0% 19.7% t3

i. Ti

AI

Fi)

Mg

Ca

Na (ppm)
K

Ca

Rb

lla

Sr

Eu

La

Y

Th

U

Zr

Nb

Sc

M.

V

Cr

*Translator's note:

0.70 0,41 5,9

t2,O i3.2 tl

8,6 4.9 5,7

8,9 5,12 5,8

12,8 9.9 7,7

177U ppm 2500 ppm I¢,1
250 80_ 32

O,0-t 0,1 26

0,87 2,3 26

33 t44 44

93 t90 20

0,8! t,7 21

3,5 i2

24 32 .t3

0.32 !,8 56

O, [_86 O. 4_; 5,1

67 t56 23

4,8 10,8 23

81 7,7 0,95

70U 600 8.6

440 25 0.57
1 I0o 750 8,_

Commas in numbers represent decimal points.

A comParison of the composition and ages of the main types of

ejected rocks leads to the conclusion about the Inhomogeneity of the

original chemical composition of the Moon with depth. Chondrite ma-

terial could not Lave been the basic material from which all the sur-

face rocks of the Moon were extracted [17]. Gast [15] has taken as a
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working model of the composition of the Moon a certain double-layer model,

the top 150 km of which are enriched with plagioclase and depleted in i

iron and magnesium as compared to chondrltes. The composition of the !

lower-lying strata is as Similar as possible to the material of the i

basaltic chondrites, enriched with hlgh-meltlng and depleted in volatile i
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Figure 1.9. Dependence of
the enrichment of the lunar

crust by various elements
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whole Moon) on the ionic ra-
dius ri and valence z or' the
element.

TABLE 5'*
ASSUMED COMPOSITION (% BY WEIGHT) OF

LUNAR INTERIOR.
I

Lower tUpper Basaltic achondrites*

Oxides mantle llayer, Frankford, Govardit).
!

of the 150
Moon km.

Si()+. 49,1 4:._ 49,._8

T i0+., O, '_5 o.g O,4F,

Al_(h 6 0 16 5,10

FeO It'; 9 17,39

(ir:O_ 0.5 1.34

._1_i) 19,t_ I _ 20.5

t:aO 5.:_ l? 4,02

N,_:() t;. I -. 41,17
+Mtli'l 0._', (I.tt 0,.,

* Meteorites.

**Translator's note: Commas in numbers

represent decimal points.

microelements. The proposed composition of the lunar interior for the

nine most abundant oxides is presented in Table 5, taken from work [15].

The representation of the initial Vertical inhomogeneity of the

lunar depths is also necessary for understanding the chronology of

lava eruptions: the rocks enriched with aluminum and calcium erupted

first from the upper "story", and then later the mare basalts enriched

with iron and depleted in aluminum from the deeper layers. Of course,

such a representation includes the hypothesis • about the thermal his-

tory of the Moon, in which the melting temperature was first reached

at a lesser depth, and then at greater depths. We will return to

this problem at the end of the first chapter.

I._. Ages of Lunar Rocks

/I__99

The rubidium-strontium method is assumed the most reliable method

for determining the ages of lunar rocks, although the potassium-

argon and uranium-lead methods are also used foe comparison [21]. Ru-

bidium is related to the depleted elements in lunar rocks. The radio-

genic isotope 87Sr is formed by B-decay

with a half life of (4.7 - 5.0) i0 l0 years. Thus, the ratio 87Sr/86Sr

16 •
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Figure I.I0. Rubidium-strontlum Iso- /20

chrone for sample 68415 of the lunar

highland rock brought back by Apollo-16.

a- Crystallobalite

b- Total plagioclase

" '_p,b/'JSr
Composite diagram of the

ages of lunar rocks from the rubidium-
strontium method.
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t, billion yrs. ,

increases with time, where 86 Sr is the nonradiogenlc isotope. The

rate at which this ratio increases is proportional to the 87Rb/86Sr

_atio. The lowest value of 87Sr/86Sr known for objects of the solar

system belongs to the achondrlte meteorite Angra dos Rels and equals

•0.69884 _ 0.00004. One can make the assumption that this ratio reach-

ed to at least such low values in the preplanetary cloud. The 87Sr/86Sr

ratio is somewhat greater for other achondrites. Its increase by 0.001

corresponds to a difference in age of 108 years (the typical ratio

for chondrites 87Rb/_6Sr = 0.75). The age of a rock t is calculated

.... 17
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from the formula:

t = -_-t 1,, [_7_'_'/_-_-:-.f'-_' Ii"-!9"-'- '. t].ll ' _"_1_1,' ' _l ' '
(1.2)

where k is the decay constant.

In determlnlng the ages of lunar rocks, all three isotopic ratios

were measured for several mineral phases appearing in the sample and

also for Some "quintessence," enriched with rubidium and strontium,

prepared from the entire sample, which permitted constructing a

straight line from the points on a graph with axes 87Rb/86Sr and 81Sr/86Sr._

The age of the sample is characterized by its slope. Its own initial

value of I = (87Sr/86Sr)0 , which varies from sample to sample, is ob-

tained for each sample. It is higher than the lowest of the known

ratios for basaltic achondrites, which appears in the definitions under

the name BABI (Basaltic achondrites best initial). If the ratio of

the isotopes can be measured only on the average for a sample (for

example, for lunar dust), then, by producing a straight llne through

the obtained point and through BABI, one obtains the "model age" of

the rock, which does not have a precise physical interpretation in

individual cases. The average grou_ed "model age" for a large number

of samples can be interpreted under certain assumptions as the age

of the Moon. An example of the isochrone constructed from the rubi-

dium-strontium method for sample 68415 is presented in Figure i.I0

from the data of [22]. The authors of this work could measure the age

of a basaltic fragment, 62 mg in weight at most, from Mare Fecunditatls

brought back by Luna-16 [23]. A cumulative diagram of the ages arid

initial ratios (87Sr/86Sr), according to Papanastassiou and Wasserburg,

is presented in Figure i.ii. It is based on a whole series of pain-

staking experiments published during 1970-1972 in the Journal Earth and

Planetary Science Letters; references can be found in [24]. Compari-

son of these results wlth the data of other authors shows good agree-

ment: the difference in the ages of rocks does not exceed 108 years.

The results of all the numerous experiments in determining the

ages of ejected rocks on the Moon is such that almost nowhere are

found samples older than 4.0 " l09 years and younger than 3.1 109

years. Determination of the age of the Luna-20 samples from the high-

land region between Mare Crisium and Mare Fecunditatls gave an age of

_8
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3.95 • 109 years [24]. This result was unexpected: it was assumed

that rocks as old as the Moon itself, i.e. with an age of about a.5

l09 years, could be found on the highlands, because the opinion was

widely accepted that the highland crust had melted practically simul-

taneously with the accumulation of the Moon due to the release of gra-

vitational energy. At the same time, it was expected to find traces

of vulcanism younger than 3.0 " 109 years. As is well known, the age

of the so-called "orange" glasses from the landing site of Apoilo-17

was 3.7 • 109 years, although they could be taken as younger forma-

tions from morphological indications [12]. There is a gap in the

scale of ages between 4.0 l09 and (4.5 - 4.6) l09 years, which

•nothing fills. This is evidence about large-scale catastrophes in the

history of the lunar surface - the formation of the mare depressions

with impacts of large objects coming from geocentric orbits. The

formation of the largest of them - the depression of Mare Imbrlum -

is dated by an age of (3.85 - 3.95) " 109 years from the age of brec-

cias from the reglon of Fra Mauro, the landing site of Apollo-14.

All the impact (circular) maria were formed earlier than Mare Imbrlum,

according to morphological indicators. Mare Orlentalis, which ap-

oeared later, is the exception. The formation of all the impact maria

evidently occupied a comparatively short time interval - at most about

1U 8 years, which completed an intensive crater bombardment, whose

traces are seen on the highlands [2]. The melting of rocks in the

centers of large-scale impacts and their chemical differentiation

changed the nature of the distribution of radiogenic isotopes and the

products of their decay in the rocks. The dispersion of material

from craters over practically the whole surface of the Moon has led to

the fact that the "radioactive clocks" for the collected samples reckon

time not from the epoch of the accumulation of the Moon or from the

epoch of the eruption of the highland crust 6nto the surface, but from

the epoch of the large-scale cataclysms, i.e., events occurring (3.9 --

4.0) i09 years ago.

At the same time, the "model" ages for numerous samples of the

regoiith, which were obtained for an initial ratio 87Sr/86Sr equal-

ing BABI, are grouped in the interval between 4.4 and 4.6 • 109 years

i with a center of about 4 i;- l09 years (cf. Figure 1.11). It is pos- i

i slble that the time about 4.5 " 109 years ago should be considered i



the time of accumulation of the Moon, when the original abundances of
isotopes were combined.

The determination of the age of sample 68415 and others by the
uranium-lead method, for example, serves as an independent verification
of the fact that the age of the Moon is about 4.5 l09 years. The
isochrone for this sample, and for other crystalline samples found in
the region of Fra Mauro, indicates that the age of the original con-
glomerates equals (4.47 _ 0.02) • ]O9 years, and the time of their
recrystallizatlon is about 3.95 " l09 years ago [24].

The conclusion of Wasserburg that the time of accumulation _f the
Moon (4.5 " i09 years ago) does not coincide with the time of forma-

tion of meteorites and the Earth (4.6 1091years ago) is of excep-
tional importance to us. It follows from dynamic considerations (cf.
Chapters 4,5) that the difference in ages of the Earth and the Moon is
_i08 years. _ince this difference in ages is assumed different in

the various models of the formation of the Moon, then the estimate of
the age of the Moon with the help of radieactlve datinF of samp).es has

paramount significance for the choice of the correct :I.

/2_/3

1.4. Geophysics of the Moon

The fisure of the Moon. The contour of the apparent disc of the

Moon is best approximated by a circle on which is superimposed the

irregularity of the relief. The optical compression of the apparent

disc at the poles does not exceed 1:1200 -- 1:1300. The elongation

of the Moon in the dlrectiontoward the Earth is even less. Thus,

the reference surface approximating the apparent figure of the Moon is

a sphere whose radius is 1738 km. The dynamic figure of the Moon _

differs from the hydrostatic equilibrium figure; its surface is not level.

In the case of hydrostatic equilibrium and for the present: equality of

the periods of rotation and revolution, the equality:

_! 4
%-n-___...._-, (1.3)

would be valid, where A, B, C are the principal moments of inertia of

the Moon [25], where the value of (C - A)/C would have to be equal to

0.0000375 at the present distance of the Moon from the Earth. However,

2O



it has been well known for a long time that the actual value of

(C - A)/C is 17 times greater _]d the value of (B - A)/C is 5 or 6

times greater than the equilibrium values. The hydrostatic nonequili-

brium of the figure of the Moon is related to inhomogeneity and indi-

cates the presence of shearing stresses in the mantle of the Moon.

The oblateness of the dynamic figure can be explained by a difference

in the thickness of the solid shell of the Moon at the poles, where

it is greater than at the equator [26, 27]. Then the Moon is isostati-

cally compensated on the glOtLai scale. However, the peculiarities of

the figure of the Moon have not yet been completely interpreted physically.

The coefficients of exPanslon of the gravitational field of the

Moon in spherical harmonics has been obtained from observations of

the orbits of circumlunar satellites. In the so-called LI model, the

first five coefficients are:

However, this model does not take into account all the peculiarities

of the lunar field, in particular the presence of mascons, which are

vast local positive gravitational anomalies coordinated to the circular

(impact) maria [28]. The natu_,e of the mascons and their possible ori-

gin are discussed in works [29-32]. The total excess mass producimg

the mascons is probably 1.5 " l02 gm, i.e., about 2 i0 -5 of the mass

of the Moon. We note for comparison that the mass of the objects forming

the impact maria is estimated as an order of magnitude greater [2].

a Marc Mare Smythii
Oceanus Mare Mare .... _,_,

[ " Procellerum Imbrium S_renitatis Crislum Ib ]J_

..... - " ............... J-_ Figure I. 12. Profile

of the lunar relief

obtained by laser al-

timetry from Apollo-15.

a, b _ vlslble and

• far sides of the Moon,

respectively. Digits

above profiles• denote
orbit number.
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Figure 1.13. Profile of the lunar relief from the data of Apollo-16.

Notation is the same as in Figure 1.12.

The most striking peculiarity of the figure of the Moon, discovered

recently, is the shift toward the Earth of the center of mass of the

Moon with respect to the center of the apparent reference sphere by

approximately 3 km. This shift was suspected as early as the flights

• of the Banger spacecraft, then repeatedly verified by other data. The

results cf laser altimetry, carried out from the Apollo-15 and -16

spacecraft [33] with an accuracy of +- l0 m, which we present below,
_m

is very clear evidence of the shift of the center of mass. The magnified
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vertical profile of the lunar relief measured with respect to the

center of mass of the Moon is presented in Figure 1.12 and 1.13, where

one notes a systematic depression of the relief with respect to the

apparent reference sphere of radius1738 km on the near side of the

Moon and elevation on the far side. The smoothed altimetry profile

with respect to the reference circle is satisfactorily described by

the formula:

h , O,I-.2,_Jr,,_(_.--2:,) 1.2c,,_2(Z- S(r'L (1.4)

where h is the relative altitude in km. The second term on the right

in this formula corresponds to the shift of the center of mass of

the Moon by approxi_,ately 3 km toward the Earth and by 1 km to the

left as viewed from the Earth toward the celestial sphere.

/26

The cause of the shift of the center of mass must be a significant

inhomogeneity in the distribution of deusity in the lunar interior.

The mascons, which give a shift of the center of gravity toward the

Earth, cannot be the main cuase, since the shift caused by them does

not exceed 40 m. One can assume that the thickness of the highland

crust composed of lighter rocks is greater by 20-30 km on the far side

of the Moon than on the near side (of. Figure 1.14, quoted from [33]).

Such an assumption does not contradict the absence of positive gravi-

tational anomalies over the highlands, which rise on the average above

the level of the maria by 4 km. It was Just noted that the Moon Is

compensated isostatically on the large scale.

It should be noted that there is no unique "sea level" on the

Moon, which would correspond to some equipotentlal surface, but each

mare has its own level and the difference Irl altitudes of the highlands

and maria of 4 km _epresents an avenage value. The relief of the maria

is significantly smoother than the relief of the highlands. The dif-

ference In altitudes on the maria does not usually exceed _ 150 m,

whereas the "Jaggedness" of the relief of the highlands reaches several

kilometers (cf. Figure 1.12 _ud 1.13). The origin of the greater thick-

ness of the crust on the far s_de of the Moon remains unclear. The

assumption by Wood [34] about the embanked nature of the thickened

crust in connection with the hypothesis of a more intense meteoritic

bombardment of the leading hemisphere of the Moon Is not completely

convincing. It Is clear that if the highland crust is a product of
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Diagram showing the bulge

of the lighter crust (den-

sity p0 ) on the far hemi-
sphere, x- direction
toward Earth; CM- center •

of mass; CF- center of

geochemical differentiation of the lunar

mantle, then the large difference in its

thickness in the different hemispheres

indicates either a spherically asymmetric

distribution of the "parent" material of

the crust in the Moon or a spherically asym-

metric distribution of temperature in the

interior, influencing the course of differ-

entiation. A strong inhomogeneity of the

structure and composition of the Moon is

obtained in both cases.

The problem of the presence or absence

apparent figure, in the Moon of a dense (iron) central core

can be resolved with the help of data on

the moment of inertia of the Moon. Up to recent times, several deter-

minations have led to a value of the dimensionless moment of inertia,

i_e., I = C/M_r2_, greater than 0.4, which is characteristic of a sphere

with a homogeneous density. Thus, models of the Moon with a density

in,,er_o_ ,.,er_ _o_,_ed. According to recent data [35], I = 0.395

± 0.0•05. This indicates that it is not necessary to look for a den-

sity inversion in the lunar interior. The present value of the moment

of inertia of the Moon permits only a very small mass for an iron

core - no more than 1% of the entire mass of the Moon [36].

The liquid or semi-molten core, which the Moon has Judging from

seismic data (cf. below) and having a radius of about half the radius

of the Moon, cannot be iron, if the value of I presented above is

correct. Such a core can consist only of molten silicate rocks.

/27

The seismicity of the Moon. At present, se:eral thousand re-

cordings of Moonquakes have been obtained. One par t of them is caused

by deep seismic shocks, the other by the fall of meteorites onto the

Moon. The energy of natural Moonquakes is very small: it is only

l0 -9 of the energy of Earthquakes over identical time intervals, No

large Moonquake has been recorded. If the Moon had been heated due to

the decay of radioactive _lements from an original cold state to the

melting temperature of a large part of its interior and then its outer
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parts had cooled, then the thermoelastic stresses would have stored an

elastic energy capable of causing selsm!clty by several orders of

magnitude greater than that observed [37]. The weak selsmlclty of the

present Moon agrees with its weak tectonics. The seismometers esta-

blished on the Moon at the landing sites of _0olio-12, -14, -15 and

-16 spacecraft are very sensitive. They record mlcro-Moonquakes,

possibly related to thermo-elastic stresses in the regollth arising

with the rising and setting of the Sun. Moreover, Moonquakes are

recorded, _hlch are coordinated to the tidal cycles of the Moon with

periods of 13.6 and 272 days and solar tides with a period of 7

months, although the physical relation of the Moonquakes with the

tides is still unclear. The very first lunar seismograms were obtained

with the fall of ejected rocket stages onto the Moon. They were char-

acterized by a great duration of the ground tremor reaching up to

several hours (Figure 1.15). This is related to the small attenuation

and at the same time intense scattering of the selsm_c _;aves in the

upper layer, which is devoid of water and other volatile elements.
/

Active seismic experiments on the surface have indicated that the

velocities of seismic waves in the upper 100-meter layer are at most

I00 - 300 m/sec, whereas at de s uf _ ........j ....... ; ....................

If the lunar rocks were as shattered every_here as at the surface and

only compressed by the weight of the overlying layers, then such a

great increase of seismic velocities would be impossible [38].

i

,!

!

Recording of seismograms with the fall of rocket stages onto

specified points of the surface has permitted compiling a seismic

section of the Moon, on which is shown the change in the velocities of

!

z

i0 mln

Figure 1.15. Seismograms of Moonquakes. I- Moonquake caused by the

fall of lunar module; 2,3- Natural Moonquakes of December l0 and 16,

1969, respectively.
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Figure 1[16 Variation of the longitudinal Vp and transverse V S seis-
mic waves with depth h.

seismic waves with depth [39] (Figure 1.16). The presence of deeply-

focussed Moonquakes at depths between 500 and 800 km indicates that the

shell of the Moon is not molten to at least these depths. The core

of the Moon is evidently semi-molten at greater depths. It is likely

that the temperature at the center of the Moon is close to the solidus

temperature, which at present is estimated as 1450 - 1460°C.
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Analysis of the fall of meteorites has shown that in the mass in-

terval l02 - lO 6 gm the flux of meteoritic material can be represented

in the fcrm of the dependence:

lgN- 1.(;2--i.1_; ;_,,,,, (1.5)

where N is th_ integral number of objects with masses greater, th_l m,

in gm, which strike 1 km 2 of the lunar surface per year. This flux

is one to three orders of magnitude smaller than expected on the basis

of calculations of the fall of meteorites on Earth.

A mere detailed survey of seismic phenomena and their interpreta-

tion are contained in [40]. A diagram of the present structure of

the Moon according to the seismic data of [41] is presented in Figure

1.17.

Electromasnetlc properties of the Moon. Measurements from circum-

lunar satellites and also with the help of magnetometers on the sur-

face of the Moon have shown that the electrical conductivity of the

Moon is low. It is I0 -I" (ohm-m) -I at the surface and increases to

12_!9
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Figure 1.17. Schematic dia-

gram of the structure of the
Moon according to data of

lunar seismology.

of the electrical conductivity on temperature for lunar rocks can

differ from the terrestrial analogs because of differences in their

content of trivalent iron [43]. On the whole, the electrical conduc-

tivity of the Moon is 100 times lower than inside the Earth [42].

10 -2 at depths of 600-800 km [42].

Attempts to evaluate the temperature

of the lunar interior from these data,

by using an analogy to the electrical

conductivity of terrestrial rocks, has

led to comparatively low values of the

temperature of the interior: no great-

er than I000 - !200°C. Such estimates

agree poorly with the data on the ther-

mal flux of the Moon and also with the

high content of radioactive elements

of the Moon (cf. below). At present,

data has been obtained that the dependence

Consideration of the magnetic properties of the Moon leads to the

conclusion that the outer 300 - 400 km contains about 2% metallic iron,

that the material of this layer is below the Curie point and is mag-

netized randomly. The intensity of the local magnetic fields is evi-

dently correlated with the abundance of breccias, which contain more

of the free metal than ejected rocks. The maximum field intensity is

more than 300 y (Iy = l0 -5 go) at the landing site of Apollo-16, where

there is very much breccia, and only 4y at the landing site of Apo!lo-15,

where a larger part of the surface is filled with mare basalts. Satel-

lite magnetometers note similar differences between the visible hemi-

sphere, where the maria are much filled with lava, and the back side

covered with shattered rocks. The cause of the present magnetization

of lunar rocks is still not clear [44]. It is possible that the mech-

anlsm of the self-excited dynamo in the liquid electrically-conducting

iron core of the Moon existed in the past. A dipole magnetic field of

the Moon has not been observed at present [12].

/30

Thermal flux from the interior of the Moon. The thermal flux has

been measured directly on the Moon at 2 points so far: in Hadley
w

Rille at tb =. margin of Mare Imbrlum (Apollo-15) and in the mountainous
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region Taurus-Littrow adjacent to Mare Serenitatis. Both regions are
genetically similar in that they are at the boundaries of mascons and
highland regions, where in the Impact maria, with which the mascons
are related, the radioactive element content is somewhat greater as

compared to the average level. The temperature probes buried in the
lunar soil to 1.5 - 2.5 m, where the diurnal variations of temperature
are no longer felt, have shown an increase in temperature with depth.
The thermal flux at both points was 28 - 30 erg/cm2"sec _ 0.7 • lO-6
cal/cm 2 (sic) [45, 12]. These values coincided with the magnitude of
the thermal flux determined by V.S. Troitskiy and his co-workers lO

years earlier with the help of radloastronomical investigations at
various wavelengths [46]. It is true _hat the apparatus of Troitskly
gave the average flux for the entire visible disc of the Moon. In both
cases, the thermal flux obtained by independent methods significantly
exceeds the flux for the chondrite model of the Moon.

i2

Thermal history of the Moon. It is Still difficult at present to _ :

select a thermal history of the Moon, which would take into account

all the observed peculiarities of its structure and chemical composi- :,

tion, in particular its large-scale inhomogeneities. Spherically sym-

metric models of the Moon with a spherically symmetric temperature

distribution have usually been considered up to now. The choice of !;

" the best thermal history can designate only the cho.ice of one of such

•schemes for heating and cooling of the Moon, which would give the

correct interval of ages for melting of the mare basalts, an age for i

the melting of the highland crust within the "Wasserburg gap" (cf 1• !

Figure 1.11), the correct value of the present thermal flux and the thick-

ness of the solid shell of at least 600 - 800 km. Such a thermal his- /31

tory is possible only for specific values of the content of radioac- i

i tive elements in the Moon and for certain limitations on the initial

temperature of the Moon. An example of a thermal history, roughly

satlsfying these requirements, is presented in Figure 1.18, compiled

from the calculations of S.V. Mayevaya [47]. The melting temperature

', of. the lunar material is taken from the data of [48]. The step-by-step

_, melting of first the highland crust and then the mare basalts is pos- ,,

sible if the initial temperature of the Moon T(.t0) (t 0 4.5 109

years ago) has a "table" distribution (curve I) or curve i' decreasing i._

" toward the center, which is typical for a rapid accumulation with a _



i

Figure 1.18. Scheme for
melting of the spherically

symmetric Moon with initial
melting of the shell about

4.2 billion years ago:

i. l' - different types of
distribution curves for the

initial temperature of the

Moon; 2-4 - temperature
distribution of the Moon at

various time_ (0.2, 0.3,

0.4 billion years respec-

tively), a- Complete

melting; b- Beginning of

melting.

time of < 103 years. Then the deeper layers

melt later. The average radioactive

element content in the Moon in this version

is the following: U = 7.7 l0-8 gm/gm,

Th/U = 4, K/U = 2600. In or4er that the

melting of the highland crust occurred

no later than (0.3 - 0.4) 109 years,

and the melting of the mare basalts no later

than (0.7 0.8) 109 years from the

time of the accumulation of the Moon, it

is necessary that the "initial" tempera-

ture of the Moon be about 1000°K. The

possibility of producing such a tempera-

ture is discussed in the 5th chapter.

This scheme can be matched with the schemes

of McConnel and Gast [49] (Figure 1.19)

and Toksoz and Johnston [41] (Figure 1.20),

unless melting of the upper layer of the

Moon is assumed at the very beginning

(noted in Figure 1.19 by the asterisk).

Of course, both schemes give only a model of the thermal evolu-

tion averaged over the sphere, not taking into account the latitude

inhomogeneities. The problem of the true thermal and chemical evo-

lution of the Moon requires further investigation.

It should be noted that of all versions of thermal evolution of

the Moon considered in the years up to its direct conquest, the closest

to the present requirements is the version of O.I. Ornatskaya and Ya.I.

Al'ber, which was calculated in 1965 with consideration of the data

of V.S. Troitskiy and V.D. Krotikov [46] on the thermal flux of the

Moon. They obtained a time of the maximum melting of less than 1 109

years from the initial moment, a concentration U = 7.75 • 10 -8 gm/gm

for Th/U = 4, the present thickness of the solid crust of 600 - 700 km,

the present thermal flux of (0.8 - 0.9) 10 -6 cal/cm2"sec -I [50].
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Figure 1.19. Scheme for chemical differentiation of the Moon. Sub-

stance: I- solid; 2,3- enriched with olivine and r, lagioclase res-

pectively; 4- partially molten; 5- crystallizing liquid; 6- solid
residue.
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Figure 1.20. Sequence of events of the Moon.
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CHAPTER 2

TIDAL EvoLuTION OF THE EARTH-MOON SYSTEM

The study of the tidal evolution of the Earth-Moon system can /35

throw additional light onto the history of these objects. The ob-

served lag of the ocean and solid tides in the Earth with respect

to the culmination of the Moon and Sun, and also the secular decelera-

tion of the rotation of the Earth revealed from the secular acceleration

of the motions of the Sun, Moon and planets through the stars are the

actual basis for constructing the theory of tidal friction and the

related secular changes in the Earth-Moon system. It will probably

become possible in the next decades to measure directly the rate

of motion of the Moon away from the Earth with the help of laser

ranging of the Moon. The theory of tides was produced by many clas-

sics of physics, beginning w_th I. Newton. The fundamental investigations

of O. Darwin, who first considered the problem of the tidal evolution

of the lunar orbit [1,23, has greatest importance for us.

Tidal evolution includes the history of the lunar orbit, the

history of the rotation of the Earth and Moon around their axes, the

conversion of tidal energy into heat and the role of this energy in

the thermal evolution of the Earth and Moon. These problems are

closely interrelated; thus, tidal theory must give agreement with the

facts in all aspects. .-_

The present motion of the Moon in its orbit about the Earth is

well known With great accuracy. It is described by very complex equa-

tions, in which account is taken of the disturbances from the Sun,

planets and the oblateness of the Earth. In the first approximation,

the orbit of the Moon is usually defined as an ellipse with a rotating

line of apsides, i.e. the major axis of the ellipse (one rotation per

8.85 years). The deviations of the real motion from the rotating el-

lipse are almost periodic Sn nature [3]. At present, the average

orbit of the Moon' has a semi-major axis a = 384 400 km, which Is 60.3

times greater tDan the average radius of the Earth, _d an eccentricity



e = 0.0549. The magnitude of the latter varies from 0.044 to 0.072
with a period of 8.E5 years. The angle of inclination of the orbit

to the terrestrial equator varies with another period. The axis of
rotation of the Earth E, as is shown in Figure 2.1, is inclined to the
axis of' the ecliptic P by 23_27'. The inclination of the lunar orbit
to the plane of the ecliptic is 5°9 '. The axis of the orbit of the
Moon M precesses With a period of 18.6 years about the axis of the
ecliptic under the influence of the Sun. As a result, the angle
between M and E or, the same thing, the angle between the planes of
the lunar, orbit and the terrestrial equator periodically varies between
23°27 ' _ 5°9 ' Short-period effects of nutation are superimposed on
this principal motion of the axis of the lunar orbit. Even in the

course of the longest of the periods of var-

I ! Pi lation of the parameterb of the lunar orbit__- M 26,000 years, i.e., the present period of pre-

1 i I / cession of the terrestrial axis -- the changes

I ',W""

27"

Figure 2.1.
position of the axes
of rotation of the average orbit of the Moon for each geological

Earth E, lunar orbit eooch. We will first consider the Moon as

M and ecliptic P.
the satellite of the Earth for the most remote

epochs, when it was closer to the Earth. This follows from the celes-

tial mechanical analysis of the motion of _he Moon: even at the

present distance from the Earth the Moon is its stable (according to

Hill) satellite, which can remain for an indefinite time within some

finite band circling the Earth with its motion around the Sun [3].

contributed by tidal friction are negligibly

small. Thus, the terms in the equations

taking into account tidal changes are usually

disregarded in _heories of the motion of the

Moon. On the other hand, if we want to inves-

tigate only the effect of tidal fricbion on the

lunar orbit, which appears significantly over

a time of 108 - l09 years, then we can neglect

Relative all the periodic variations and consider some

/36

We will consider here the tidal evolution of the Earth-Moon

system in three stages: first - the simplest case of a circular

lunar orbit in the equatorial plane of the Earth, considering the Moon

as a material point, ?md the Earth-Moon system as isolated in space.



This gives a clearer representation about the rate of change in the
distance of the Moon from the Earth depending on the dissipative pro-
perties of the Earth, and also permits evaluating the contribution
of tidal friction in the heating of the ttrrestrial interior [4]. The
next stage will be a consideration of the motion of the Moon In an
elliptical orbit in the equatorial plane of the Earth, also for the
case of a t_o-body system.

Information about the tidal changes of the eccentricity of the
lunar orbit with time permits Judging the possibility of the approxi-
mate representation of the lunar orbit as a circle.

By considering the Moon as a deformable body, one can evaluate
the change with time of the eccentricity of the lunar orbit, by re-
lating it to the dissipation of tidal energy within the Moon. The
fact that for the most probable models of the internal structure of
the Moon the eccentricity of its orbit was even less in the past than
at present, permits considering it circular to a good approximation
[5,7]. And this in turn makes it possible to investigate rather com-
pletely the evolution of the angle of inclination of the lunar orbit
with respect to the terrestrial equator and to the ecliptic wlth con-
sideration of the forces of the Sun [8]. The orientation of the lunar
orbit with respect to these two principal planes is a very important
characteristic. It permits limiting the region of possible initial
distances of the Moon from the Earth and thereby clarifies the mechanism
of the formation of the Moon.

/3_/7

I

We will also discuss the relative role of the ocean and solid

tides in the Earth and the possible role of tidal friction in cre"

ating and maintaining the temperature inhomogeneitles in the interior

of the Earth.

2.1. Tidal Evolution of a Circular Satellite Orbit In the Equatorial

Plane of the Planet.

Let us consider the simplest case of the circular orbit of a

point satellite with mass m moving about a slightly oblate rotating

• planet M in its equatorial plane at a distance r from the center of
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the planet. We denote the angular velocity of rotation of the planet
by _ and the angular velocity of revolution of the satellite in the
orbit by _;_ _ ft. The planet will be assumed a deformable body, whose
properties differ somewhat from an ideal elastic body, which is char-
acterized by a Q-factor Q < _. The quantity Q is related by the fol-
lowing approximate relation to the angle 6 of lag (for fl > _) or __ead
(for _ < 9) of the solid tide with respect to the culmination of the

tide-forming body:
! 1

if this angle is small (Figure 2.2)*. The quantity I/Q is an integral

measure of the dissipation of tldal energy in the interior of the

planet [9]. The tidal energy is dissipated in the Earth principally

due to the ocean tides in low-water channels and basins. However,

the total effect of the ocean and solid tides can be characterized by

some effective lag angle, which the solid Earth without oceans would

have for the equivalent tidal interaction with the Moon.

The planet-satellite system will be assumed isolated in space,

The expression for the tlde-formlng force at the surface of the planet

at a distance R from its center can be obtained from the equation for

the tlde-forming potential [i0]:

V= C'da [I'._{0)-i- a /'_{0) ")
"-: (2.2)

.V,, :-: c_l_'-- l'_ (0),
rr,) I.

where Vn is the tide of n-th order; Pn is the Legendre polynominal of

order n- 0 is the angle between the direction to the point under con-

sideration and the direction toward the satellite from the center of

the planet; r is the distance of the satellite from the planet; G is

the gravitational constant. In practice, only the first term is often

retained in expression (2.2):

V"V c,,,n_ I, (acos_'O--t). (2.3)

The term V 3 is about 2% of V2 in the present Earth-Moon System; in

past epochs, for closer distances of the Moon to the Earth, its re-

lative and absolute values were larger. V 3 was taken into account in

* In the case of lag the tidal bulge is ahead, and in the case of

lead is behin_ with respect to the line Joining the centers of the

planet and satellite.
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Figure 2.2. Diagram of the deflec-
tion of the tidal bulges from the

direction toward the tlde-forming

object.

the calculation of Mac Donald

[ii]. In this paragraph, giving

the simplest representation of

the tidal evolution, we will use

only the term V 2.

Since the present flattening

of the Earth is small - about

1/300, then the shape of the Earth,

not subjected to the tidal effect,

can be taken as a sphere with sufficient accuracy (to 0.3%) in the

theory of the terrestrial tides, while the changes in shape caused by

the tides and calculated for a sphere can be considered superimposed

on the effective spherical shape.

Because of the tidal deformation of the Earth, its attraction

changes, and additional forces arise, which are characterized by an addi-

tional potential V'. According to Love, an additional potential V' n

from the corresponding deformations of the Earth arises from each

spherical function v n in the tidal potential for the elastic Earth,

where:

_,, &.V,., (2.4)

where k is the Love function depending on the elastic models and
n

distribution of mass within the Earth.

/39

If only the first term of the expansion is again retained, then

the additional potential at the spherical surl'ace of the Earth will be:

v;= _'_": p.(o), (2 .5 )

and in the space beyond at a distance r from the center of the Earth:

t-;c,,:m ( n _,_p. (0). ( 2.6 )v'-(r, o) :-- w \_-j -

Thus, the additional potential at the dlstmlce oi" the Moon in the

first approximation equals:

'k:g;mlt:' | ,,._ t

V;(r, 0) ----i--74..... .,-(.,¢¢,s 0 -- 1). (2.7)

The lag of the tides, i.e., the deviation of the maxima of the tidal

deformations from the line of centers of the Earth and Moon, produces

a force couple, on whose basis is obtained the torque L:
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L _::,,rl:,, . (2.8)
whose absolute value has the foI"m:

1. _ ritz d|"._ I 3 k:G.:'-It _7 dO"., _-., _ sin25. (2.9)

This torque causes a redistribution of the angular momentum in the

two-body Earth-Moon system, while the total angula:, momentum remains

constant :

tI -,- h =: I.Q ' r*'_,_=--const :-_ K,
at4-,,, (2. I0 )

•dl[ , dh

dt -- -_-Di -- L. ( 2. I 1 )

Here H is the rotational angular, momentum of the Earth, h is the or-

bital angular momentum of the Moon, I is the moment of inertia of the

Earth. The vectors H and h are collinear in this system; thus, we will

make use of their scaler values. The rotational angular momentum of

the Moon is several orders of magnitude smaller than H and h, and will

thus be neglected. One should also Join to this system of equations

Kepler's third law:

c,f-r"l- G(.ll-: m_ F. (2.12)

With the angular velocity of rotation of the Earth £ greater by 5 - 6

times In the past, I must have exceeded its present value by 6 - 6%

[5, 12]. The moment of inertia of the Earth could also have decreased

somewhat with time due to gravitational differentiation of the ter-

restrial interior. We will take for simplicity that the value of I

does not depend on time. Then equations (2.9) and (2.11) give us an

expression for the secular decrease of the angular velocity of rota-

tion of the Earth [i0]:

d_. 3 L'_Gm:lO sin-,,"_S

_t z t,, (2.13)

and we obtain from (2.10), (2.12) and (2.13) the related increase of

the radius of the lunar orbit:

C.IIn_ dr d_ dr 3l, mlt _'-ia 2,"it"

2/_'., r"' at = -- -_- ' _( .vr"" (2.1 4 )

The dependence of the tidal withdrawal of the Moon on the lag angle

can be written in the form:

r" ; dr = A i siu 28 ,It,
a (2.15)
ro F,

where

/4O

A = 3I;.,vzlPF' ,,',ft.

!
i
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__. . _; Q
t.Billion years

Figure 2.3. Dependence of the

change in the Moon-Earth dis-
tance with t_me on the effec-

tive lag angle:

I- 6 = const = 2°,16; 2-

6 .= i°,7 (i- t/tlnit); 3-

6 = 0°,5 + 8(t-tinit) -;

6 = 2 ° 16; 4- 6 = 0",02
pres

In spite of the simplified na-

ture of the derivation, the integra-

tion of equation (2.15) leads to con-

sequences important for understanding

the essence of the tidal evolution in

the real case. Firstly, the dura-

tion of the tidal evolution from the

closest distance to the Earth to its

present orbit is much less than

the age of the Earth-Moon system,

if one assumes the angle 6 (or equiva-

lently, the dissipation function l/Q)

for the whole Earth as independent of

time and equal to its present value.

According to the data of Mac Donald,

= 2° 16 [15];
the present value 6presexp y(t - t_nit); 6pres = i0 °

from newer data [13], 6 = 4° . In fact, by integrating (2.15) with
pres

6 = const, we obtain:

r"% "" _ I. = ro + .-=r-'..'sin '_',_t to).
- (2.16)

By setting r0 = 0 at t o = 0 (which gives the maximum duration of the

withdrawal), we obtain t = 1.75 • 109 years for 6 = 2 ° , 16 and r = 60.3 R,

which is significantly less than the age of the Earth and Moon, which

is 4.5 - 4.6 • 109 years (Figure 2.3, curve i). The new values 6 _ 4°

would lead to an even shorter tidal scale of about 0.9 " 109 years.

The duration of the tidal evolution can be matched with the age

of the system only under the assumption that the effective •lag angle

of the tides was less in the past than at present. Such an assumption

agrees qualitatively with present ideas about the thermal history of

the Earth, whose interior gradually heated from a lower temperature,

while releasing the water of the Oceans to the surface. Then 6 must

increase with time due to the growth of the volume of the oceans, How-

ever, it is still difficult to determine the dependence 6(t) in a

quantitative form' One can onlyselect Simple dependences of the

growt h of 6(t) Some of these (linear, quadratic and exponential

growth laws of 6 with time) have given a duration of the tidal evolu- /4__!I

tion of the Earth-Moon system equaling 4.5 billion years for present
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values of 6 of 1 7, 2.16 and i0 °, respectively [4] (Figure 2.3, curves
2 - 4).

Secondly, it is seen frox_ Formula (2.15) and Figure 2.3 that the

duration of the tidal withdrawal very strongly increases with increas-

ing r. For a constant 6, the transition time At from an orbit of radius

r I to an orbit of radius r 2 is proportional to r_'. "I,--r_ .. For 6 increas-

ing with time, this dependence becomes less sharp, but nonetheless the

duration of the tidal withdrawal of the Moon within the first 20

Earth radii remains much less than the age of the system[If one does

not consider the case, which is not very realistic from the geophysi-

cal point of view, when 6 increases with time according to an exponen-

tial law and reaches a present value of l0 ° (Figure 2.3, curve 4)].

ThUs, the tidal evolution of the Earth-Moon system must have pro-

ceeded very nonuniformly. The period of withdrawal of the Moon, from

some unknown initial distance close to the Earth to approximately half

the present distance (i.e., 30 R), can be called the time of rapid

changes, in contrast to the following period, which has lasted almost

the entire lifetime of the Moon. The nonunlformity of the tidal with-

drawal greatly hinders the determination of the initial distance of the

Moon from the Earth. One can try to find this important characteristic

by other methods, which will be discussed below.

Thirdly, a monotonic dependence r(t) is always obtained for a

constant sign of 6(t). The constant sign of _(t) is ensured by the

constant sign of the difference(_ _), which always remains positive

during the tidal withdrawal of the Moon from the Roche limit (2.80

2.89)R to its present distance [cf. (2.20)]. Thus, it will be conven-

ient to relate all the orbital parameters of the Moon not to time, but

to its distance from the Earth or to the semimaJor axis of the orbit.

This is possible, since within the _ramework of the theory of weak

friction, i.e., a small value of the lag angle of the tidal bulge with

respect to the culmination of the tide-formlng body, the relation be-

tween the semlmaJor axis, eccentricity and inclination of the orbit

does not depend on the duration of the evolution. The case of _ clr-

cular equatorial orbit of the Moon permits simple evaluation of the

energy contribution of tidal friction in the thermal balance of the
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I Earth. The heat evolved with the dissipation of tidal energy is

derived from the kinetic energy of rotation of the Earth, which slows

down.

The change in the energy of rotation of the Earth equals:

a/.rot ,t ,/_ =IO-_ .de d-7( } -- <'u. (2.17)

(Here we have again neglected the small relative change of I, which

:,nderestimates the value of dE/dt by only several percent in the re-

mote past.) Part of this amount is expended in the increase of the

total orbital energy of the Moon Eor b with its withdrawal from Earth;

the remaining Part must be dissipated in the interior of the Earth:

ro b -- ÷ Epot---- = -

dEorb= aMm d_ (2.18)
dt 2r _ dt '

By making use of the Relations (2.17), (2.12) (2.14), we obtain

an expression for the energy dissipated per unit time [4]=

7t- ther_ -- ( at'\ I e/:', . :: _ if: --_" _.\-_i/rot \_:,'orb dt Zr=--7-? --- (2.19).
.lk

=_ -t 3 kgr, Jlt:,si_,__-(_2 __ _o)"
2 r6

It is seen from this expression that the energy release within

the planet is proportional to the first power of the lag angle 6

(since for small angles 28 _ 28) and is inversely proportional to

the sixth power of the distance of the satellite. It is divlded

between the oceans and the solid Earth proportionally to their con-

tribution in 6ef f. The value of (fl -- _) also increases almost consis-

tently with decreasing distance (Figure 2.4), which makes the stage

of the close position of the Moon, when the release of tidal energy

was maximum, most interesting from the geophysical point of view.

Figure 2.5 shows three versions of the curves of the tidal release

of heat (dE/dt)ther m depending on time, which correspond to the linear,

quadratic and exponential laws for the change of the angle 8 with time

(curves 2 - 4 in Figure 2.3). The figure also shows for comparison

the release of energy by radioactive elements for two versions of

their content in the Earth, close to the chondrlte content (I-- U =

i0 -8 gm/gm, I' --U = 2 • 10 -8 gm/gm).

i
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Figure 2.4. Dependence of

the difference in angular
velocities of rotation of

the Earth, and revolution

of the Moon (_) on the

distance from the Earth

expressed in Earth radii

(circular orbit in the

plane of the equator).

_.;aZ,'erg/sec
3

\
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\\

I,¢j,
. \\

\\ I

,/I., "-'-..

-_,*-g -J :z -i a
•t,Billion years

e Figure 2.5. Release
of heat in the Earth

as a result of tidal

friction (curves 2 -

4) and because of

radioactivity (curves

i, I' ).

Let us now evaluate the integral contribution Of tidal energy to

the thermal balance of the Earth.

We express (_--_) with the help of (2.10) and (2.i2) in the form:

(O -- _) = [K -- ltt' :r-". -- ,lira (M + m.)-'/,',_',] I-L ( 2.20 )

One can find from equation (2.20) the condition for the difference

(G _) to vanish, which corresponds to the revolution of the satelllte

being synchronized to the rotation of the planet: the satellite

would "! mg" above one point of the equator. A synchronous orbit has

never been achieved in the actual Earth-Moon system; instead, there

are the so-called distances of "closest approach" and "maximum with-

drawal" (cf. Chapter 3). But if one neglects the inclination and el-

lipticity of the lunar orbit and substitutes into equation (2.20) for

the idealized system the numerical characteristics of the real Earth-

Moon system (M, m, K, I), then one can find the two values of r: _min

and rma x for which (_ - m) = 0 (cf. Figure 2.4). The close • synchro-

/4__/3.¸

* The Roche limit is the distance of a satellite from a planet, at

_ which its tidal forces tending to break up the satellite equal the
gravitational forces holding the satellite together. For a liquid sa-
tellite with the mass and density of the Moon, the Roche limit is 2.89 R. !

__.e_-_,_,_-,-_-,_-_-_=' _ '_-"':'_-:_1_ _' _'_: - " _'_ ...... _" "' ........ _ _ ' _" < "'_ ....

nous orbit is at a distance of _2.4R, i.e. within the Roche limit*,

equaling 2.89 R. The far synchronous orbit is at a distance of _ 85 R,

which is significantly farther• than the present distance of the Moon
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of 60.3 R. In the interval between

these values (_ w m) > 0, which

also defines the monotonic course of

dr/dt with time.

In the isolated two-body system

the state for (_ m _) = 0 is stable;

tidal withdrawal is absent. For

(_ -- _) < 0, tidal approach occurs,

which is accompanied by an increase

of _ and _, so that the difference
Figure 2.6. Release of tidal

heat in the Earth for different

stages of withdrawal of the preserves the sign. Thus_ a transi-

Moon. tion from one type of tidal evolution

to the other is impossible. Tidal approach is also observed for _ and

having opposite directions (counter-rotation). In the solar system,

the state (_ -- _) < 0 exists only for the system of Mars and Phobos,

and counter-rotatlon with a large satellite only in the system of Nep a

tune and Triton. Tidal approach occurs in both cases.

By using the fact that the function r(t) is monotonic in the in-

terv_l from rmi n to rmax, we can express the release of tidal energy

in a pl_net depending on the increase of r:

d Ether m d Ether m dr

dr = dt : d-E
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where dr/dt is given by Formula (2.14). With consideration of (2.20),

we obtain the integral release of heat in the planet with withdrawal

of the satellite from a distance r0 to r, which is convenient in

that the unknown past value of 5 does not appear in it:

! _[G.I?mA" G.It,,_ G'V_'n_: \dr. (2.21)Etherm == _- -__--yT"
" _ _ |t _=lr " r _" (.11 -_- .,) [ J

i Relation (2.21) can be applied as a sufficient approximation to the
real Earth-Moon system, since consideration of the non-colllnearity

of the angular momentum vectors H and h introduces an error no greater

than 1 - 2% in evaluating Ether m (the elllptlcity of the orbit of the _

_I Moon affects Ether m even less). Figure 2.6 presents a diagram of the i

I release of tidal energy in the Earth depending on the interval of dis- i

"___ tances ° er which the iidal withdrawal occurs (taken in intervals 01f!45



5 R). The integral release of heat for r 0 = i0 R and rpres : 60.3 R
is Ether m = 2.8 • l037 ergs. By taking the Roche limit of 2.89 R as
r0, we would obtain Ether m = 4.0 1037 ergs. The release of heat
by radioactive sources over the entire history of the Earth is esti-
mated as (1.2 - 1.5) • 1038 ergs. By taking into account that the larger

part of the tidal energy is dissipated in the oceans aria is rapidly
radiated into space, one can conclude that the tidal heat has made
and makes only a sm_ll contribution to the total internal heat of
the Earth, if one excludesthe short-term stage of the very close
orbit of the Moon.

At the same tlme, if the tidal heat is released in the Earth not
uniformly over the volume, but concentrated in some layer, it can
play a signific_it role in the production and maintenance of tempera-
ture inhomogeneities of the Earth (of. 2.5 of this chapter).

2.2. Tidal Evolution of an Elliptical Satellite Orbit in the Equatorial

Plane of the Planet.

/4__55

The present eccentricity of the lunar orbit is small_pres : 0.05_9)

and in calculations of tidal evolution the lunar orbit can be consid-

ered approximately circular. However, such an approximation requires

proof for past epochs.

l

!

As in the case of the circular or0it, the principle ro].e in the

secular changes in the ellipticity of the orbit of the satellite is

played by the lag Of the diurnal and semidlurnal tides on the planet,

which produces the torque L and converts part of the rotational angular

momentum of the planet H into orbital angular momentum h. The differ-

ence from the case of the circular orbit is that for an elliptical

orbit : i/'DAVY=e__,) C,,_l
h= _Im y (_l+_) " E = --_ ,

(2.22)

where a is the semlmaJor axis. An increase of h with a simultaneous

increase of the orbital energy E is accompanied by an increase of a.

The eccentricity of the orbit e must.lncrease at the same time. This

occurs because the tidal interaction increases inversely proportionally

to the Sixth power of the distance between the objects, and even fcr
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a small ellipticlty of the orbit the satellite at the perlcenter must

be pulled forward significantly more strongly than at the apocenter.

With the general elongation of the orbit, its similarity ks not pre-

served: each successive apocenter is further from the preceding perl-

center. This also leads to an increase of e with time. The proof

of this statement with the help of equations is given in uorks [5,6,14].

With the motion of a satellite along an elliptical orbit, there

is also an opposite effect, which decreases e and a with time. Be-

cause of the periodic change in distance between the satellite and

the planet, the tidal bulges on both bodies experience radial pulsa-

tions with a monthly period. The height of the bulges is inversely

proportional to the cube of the distance between them, which makes

the effect significant even for a small eccentricity of the orbit.

Because of inelasticity, the pulsation maxima must begin _fter the

passage of the satellite through the pericenter _, and the minima after

apocenter. In view of the purely radial nature of these pulsations,

their lag does not cause the torque, and consequently, neither the

orbital nor the rotational angular momenta h and H change, but the

energy dissipated in the interior of both bodies must be derived from

the orbital energy of the satellite. According to (2.22):

dF. C,.._,! d.,

+-7= + .-_,_-d?- (2.23 )

This effect appears in pure form for h const (both bodies turn one

face toward the other). Then dE/dt < 0, and consequently, one must

also have da/dt < 0, i.e., a decrease in time of the semlmaJor ° axis a

because of the dissipation of the energy of the radial tides. It is

easily seen from Formula (2.22) for the orbital angular momentum h

that for h = const and da/dt <0 there must also occur a decrease in

the eccentricity of the crblt e.

Let us turn to the total estimate of the tidal changes of a and

e for elliptical motion with h _ const. The Lagrangian equations for

the osculatory elements in perturbed plane motion have the form [15]:

a__a - 2,,+ sin ,, _ :. 7" T,
dt _-- p

'+' _si,,v- [cosv+(e +' cos v) --] Y'.d"7 = pJ
(2.24)
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Here:

p --- a (! -- e:), r:: ,, (1 -- e:)/(l -_-e cos v),

v - the true anomaly, i.e., the angle formed by the radius vector of

the satellite and the direction of the origin for the motion along

the orbit :

=. s, 7' )-_i."/. I, a(_r ' ,,),

S is the radial and T is the transverse components of the perturbing

forces. The component T can be found by differentiating Expression

(2.8) for the tidal potential with respect to the angular coordinate:

This expression _ _Dplicaole both for the case of a planet with a

satellite in the form of a man,via± point and fcr a planet with a de-

formable satellite in synchronized rotation, such as the Moon.

The radial perturbing force acting on the satellite is composed •

of the two components caused by the tidal deformation of the planet

and satellite. ,Each of them is obtained by differentiating the corres-

ponding potentials with respect to the coordinate along the line

Joining the centers of the bodies:

OV_ OVtr M ,
S --_-+ -_/-_, =

3keC"dt_ (3 eos'-6_ -- t) 3k_CMtt_ 3/(3 cos' 5 -- 1), ( 2.2 6 )
r 7 i ,7 fl$

where dr,/dr is the force acting per unit mass on the Earth. The

force acting per unit mass on the Moon is obtained by multiplying

dV(/dr by M/re.
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After substituting Expressions (2.25) and (2.26) for the perturb-

ing forces S and T into EquatioLs (2.24) we obtain:

da _:r-_.- a _ • sin v

r

%] ,d-Y= a,,I/"p-os_,+ (c _. .

a,, -- 3kaGm tt_ sin 26_ / tr_ ( 2.2 7 )

Here : _2 -. I;h'satng_, (3 cos'- 6:_ - 1),"I:_, '

ata --- 6k,[GM"H_: .(3 cos _5 -- l),rm _"_

oh., :-: */.. _ _Gn,lt!..._i,, 26,|"__ ( 2.2 8 )

"_ ' t ),,VF,a=. --=3h'_Gml, a (3 cos" 6a --

a23 = 3k _G. Plt: (3 cos" 6 - -- l)]m }r_..

48



The effect of the tidal friction develops extremely slow]y. Thus,

it is suitable to average Equation (2.27) by assuming that over the

time _ of one revolution of the satellite a and e remain constant.

Then :

[+? ,_+,
% . ', . ,

o

T'-

i--] ' i _-, '"+, (2 29)
• dl .it 21 • "

0

where 0 is the mean anamoly related to the average angular velocity

of the satellite over the orbit n by the expression:

B.V taking into account that:

we obtain:

t.l(_ .'!:.
(2.30)

4.'I

"" _i
u

[+1 '" '= +'++-'+.
_7 , = _ \. ,,' t t, - 4 \ e, .,

0 .

Substituting the expressions for da/dt and de/dr from (2.27), we have

(2.31)

4_

* [ "':,=_ ,;'ft----_- :"'"+G _(l+''_''_r)_-
l

a'e il-:-co_+'l _ . ]Sill l: du I- ("" + _':1 1/7 ;"

[',] ,_ ,, [+"_.:='T_ +,,lICi-"z_s; :_:'I"F t+_co+,] r'_cosv-l+ ,cos,, _<1-cos,,l'
+

_'f_";" "'] + U]-- (:I:_4-:x::,l ---_-(I c.s4"si,, dr.

(2.32)

2_.

integrals:

The terms containing sin v give zero with integration from 0 to

After carrying this out [cf. (2.24)], we calculate the following

e

_' = I (,c+_v q- ".-+-+°+"_ (t-_ ,.c,,.+,.,)+al,:-=+-,,.(tt--J0.s+,.t-+,3+++,),i + • _s,,]
ii

: _s-W S (t + e ct_sv)'dt, =: s (2-,'- 152--F 11,25P-t-OtG25P),
0

ll-

J'+ = I dt 2_
o (lq-cosv) -+= {I--,_:;""

(2.33)
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By substituting .7,.5,, .Y_ into (2.31) we obtain:

,__-,. _,, I . _"- : _.,.:..!-_t._:,_' _ o.,;=,.-,_ (A_L '
•¢ /,_

Ae _.;,eitl ' 1o';.', : 1.37-, q
"-c ....... . ......... ,t),.

9 ' ' ,"-
where •--_"'/I I' is the period of revolution of the Moon.

(2.34)

We have obtained the "secular" changes of (Aa) T u (Ae) caused
a, T

by the effect of the tangential force T only; the effect of the radial

force _ is zero on the average. The effect of the lag of the maxima

of the radial pulsations, i.e., the tides with a monthly period, with

respect to the passage through perigee and apogee can be taken into

account with the help of Equations (2.22):

(Aa) = 2,,_ .---
,, _ (a_),,, (2.35)

(ae) =-: C,.,. (AE) .m mM"G_-e

where (AE) m is the heat release in the Moon and Earth due to dissipa-

tion of the energy of the monthly tides, which do not change the

value of the orbital angular momentum h.

/4__2

We take from works [16, 17] the expression for the dependence of

AE on a and e for constant dissipative properties of the Earth and

Moon (6.0 =- co,,_t, 6: -: const):
la,\'_,[ e \s

where the values with index zero refer to their present values.

denoting:
• 2Ab:o" ' AE0

G,_._t,_' C-_._te_

(2.36)

By

(2.37)

and combining the v&lues (Aa)T and (Ae) T respectively with (Aa) m and

(Ae) m , we obtain:

AO " a2 9 j

= _u'-_-(--,- 15,:: "i- II, 25c4 -'-, 0,625e') "v"a,:a"v,c.,t_._.)°°_",

, • ¢1o is' t=: 38)

where:

an = 2azq, !,, :,_, = 2.'t_z/p.

Here the increments Aa and Ae take into account both the effect

of the lag of the diurnal tides (tangential force) as well as the lag
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of the radial pulsations. These increments refer to time intervals

on the long (tidal) scale. On the basis of these relations, G.G, Petro-

va [6] has evaluated the change in the eccentricity of the orbit of

the Moon in the past for the following variations (Figure 2.27):

|) AI.',.. - 0, I \I'" u : 0,_:.I0 ''_ erg/see

2) _I",, : Al'p UJ_.iO '_erg/sec
3) AA',,, 0._ I0" erg/sec

•i) Al",,+ +llkl/.'+ t%t;. I0': erg/sec

The value of AE0 = 0.6 • i016 ergs/sec, according to [18], cor-

responds to the model of the Moon with the factor 1/Q = 0.01 and Love

= 0.2. The versions 1 and 4 correspond to a decrease bynumber k2_

l0 times and an increase by i0 times of the value of AE 0. Version 3

is selected as the case giving an eccentricity approximately constant

in time with 8:,=const = i_ . For the present 4• - i , the analogous "equil-

ibrium" of the effect of the tangential and radial forces woul_ occur

for AE 0 greater by 4 times, i.e., 0.3 • 1017 erg. It is seen from

Figure 2.7 that the behavior of the eccentricity of the lunar orbit

in the past, i.e., for small a, depended strongly on the value of AE m,

which is slgnificantly smaller iby 2 or 3 orders of magnitude) than

AEtang. However, the effect of the radial forces on the eccentricity

of the orbit is comparable to the effect of the transverse forces.

For large AE m, i.e., dissipation of energy in the radial tides to which

the tides On the _oon contribute, the eccentricity of the orbit in

the past could have been significantly greater than the present (ver-

slon 4) The most probable of all is the course of the eccentricity

with a decrease into the past, as in versions 1 and 2 in Figure 2.7.

The decrease in the eccentricity into the past was also obtained by

Mac Donald [5] for a solid model of the Moon in the present and in

the past (Figure 2.8). The inclination of _he lunar orbit to the ter-

restrial equator does not change the nature of the conclusion about

the evolution of the eccentricity. The maximum heating of the inter-

ior of the Moon is produced for large values of AE m both at present

and in the past, which could have occurred only for a molten Moon,

besides moving in a very elongated orbit. However, even version 4,

which obviously gives enhanced values of the dissipation of energy

in the Moon and a too large change in the eccentricity, leads to an

integral heating of the interior of the Moon of at most several tens
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Figure 2.7. Dependence of the

eccentricity of the lunar orbit

on the semlmaJor axis a for
0e= ¢onst= Iv and different values
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Figure 2.8. Dependence of the

eccentricity of the lunar orbit e

on the time in the past t for var-
ious values of 6e

of degrees; versions I - 3 give even less. Thus, tidal heating leads

only to an Insignificant contribution to the heat of the interior of

theMoon as compared to radioactivity, which could heat the Moon to

temperatures of 1500 - 2000°K.

The small value of the eccentricity of the lunar orbit at present

and in the past makes it possible to consider the orbit as approximately

a circle. This Is particularly important for studying the evolution

of the lunar orbit inclined to the equator and ecliptic. The best

approach to this very complex problems belongs to Goldreich [19].

It should be emphasized that his method is v&l_d only for the clr-

cular motion of satellites and cannot be extended to elliptical.

2._. Tidal Evolution of a Circular Satellite Orbit Inclined to the

Equatorial Plane and to the Ecliptic.

The method of Goldreich [19] is based on the existence of three

different time scales in the dynamic evolution of the Earth-Moon system.

By assumption, the Earth revolves along a circular orbit of constant

radius about the Sun. All motions are considered in the geocentric

system (Figure 2.9). The short time scale is determined by the per-

iods of revolution of the Moon and Sun around the Earth, a month and
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year respectively. The intermediate time scale is established by the

periods of precession of the planes Of the lunar orbit (X 1 X 2) and

terrestrial equator with respect to the axis of the ecliptic (Y3):

at present they are 18.6 years and about 26,000 years respectively.

The relative motion of these two planes is periodic (this will be

shown below); this period is only Slightly longer than the period of

precession of the lunar o_'bit.

The long time scale is determined by the rate with which the

tidal friction changes the state of the Earth-Moon system; at present

the long scale is measured in b_lllons of years. The rate of tidal

changes is determined by the integral value of Q(t) for the Earth.

The method for considering the evolution of the lunar orbit is a combi-

nation method: first an analytic averaging of the equations of motion

over the short time scale is carried out, then a numerical averaging

over the intermediate time scale; the averaged equations are then in-

tegrated numerically over one step back with respect to time on the

long scale. The corresponding numerical parameters are found for

the Earth-Moon system and substituted intothe equations of motion,

which are again averaged over the sh_rt and intermediate time scales

and again integrated numerically one step into che past on the long
i

scale, etc. (an abbreviated derivation of the equations of Goldrelch

is given in Appendix i).

Figure 2.10 presents data characteristic of the evolution of the

Earth-Moon system, where the distance between the Earth and Moon r

in Earth radii is taken as the independent variable. The difference

in the numerical data, according to Goldrelch from two different ex-

pressions for the torques from Mac Donald [5] and Kaula [18], is quite

Imperceptable. Not considering the solar tides could affect only the

orbit of the Moon near the present. However, the differences in this

region are insignificant in the two approaches.

Let us turn to the interpretation of the numerical results of

Goldreich. The curves for all tbr._e angles of inclination: the ter-

restrial equator to the ecliptic, the lunar orbit to the ecliptic and

the orbit to the equator, undergo a splitting in some region. The

i "
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Figure 2.9. Coordinate system XI, X2, Xq coupled to the lunar orbit

(X1, X2),and the system Yl' Y2' Y3 coupled to the ecliptic (YI" Y2 )"

i,deg

I ! _ r , v I I
0

b

ZO ¢0 GO r/R

Figure 2.]0. Inclination
of the terrestrial equator

(a) and lunar orbit (b) to

the terrestrial equator

(c). The torques of Mac-
Donald without considera-

tion of solar tides.

upper m_d lower branches of the curves in the region of splitting de-

termine respectively the maximum and minimum values of the angles over

the precession period, whose character changes in the coul'se of tidal

withdrawal. The theory of the precession of a satellite orbit in-

clined to the equator of a planet and to the ecliptic was developed

by Tisserand [20]. Qualitatively, it amounts to the axis of rotation

of a planet being the axis of precession of the orbit with great ac-

curacy for near satellites, and the axis of the ecliptic being that

for distant satellites. The transition zone from close to distant is

rather narrow, in connection with the fact that the corresponding mo-

ments of the forces K 2 (the sSlar torque on the orbit of the satelllte_

and L (the torque from the equatorial bulge of the planet) are related

as a5. Thus, L dominates in the near zone, and K 2 in the distant.

In the transition zone, the axis of precession is a straight llne

passing within the angle formed by the axes of the equator and ecliptic.
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The plane perpendicular to the actual axis of precession of the orbit

is called the "natural plane;" it is always located between the planes

of the equator and ecliptic. The middle of the transition zone acrit

can be found from equating K2 = L (cf. Formula (15) in Appendix I),

which gives :

,,
i "__el t_[/ ' (2.39)

where M and M e are the masses of the Earth and Sun respectively, a

and a_ are the distances of the satellite to the planet and the Sun,

R is the radius of the Earth.

With the present rotational angular momentum of the Earth acrit

= i0 R; with consideration of the redistribution of angular momentum

in the past, with a higher rotation of the Earth and with a corres-

pondingly greater I, acrit = 17R. Of course, at the present distance

of the Moon 60.3 R, the axis of precession of its orbit is the axis

of the ecliptic with great accuracy, but in the past at a < l0 R this

axis was the axis of rotation of the Earth. The graph for the angle

of inclination of the lunar orbit to the equator indicates that no-

where in the past was it zero; it was l0 ° at a mlniuum at a distance

of about l0 R. A similar conclusion was reached by us earlier [21]

on the basis of the works of Mac Donald [5] and Sorokin [22], who

_ade calculations for the two-body problem (the marth and Moon) and

thus operated with the average values Of the angle. Their curves are

plotted for comparison in D'Igure 3.5 (cf. following chapter). At

closer distances the angle e would have been significantly greater

than l0 ° both in the cases under consideration as well as with con-

sideration of terms of higher order in the expansion of the tidal po-

tential [ll].

This result is extremely important for understanding the past of

the Moon. Firstly, it is difficult to represent the evolution of the

orbit of a single whole Moon, beginning with distances closer than i0 R.

The constant misalignment of the plane of the orbit of the Moon and

the plane of the equator of the Earth is evidence both against its

splitting off from the Earth as ;_ell as against its accumulation from

a circumterrestrial swarm of small satellites in a very close orbit
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around the Earth. For the part of the swarm located close to the Earth, /54

the plane of the equator of the Earth must be the plane of symmetry,

Just as the rings of Saturn revolve in the plane of its equator. The

orbit of the Moon formed close to the Earth would have had to inherit

the position of the plane of symmetry of the swarm, i.e., to revolve

in the plane of the terrestrial equator, which, as we will see, never

happened (cf. Figure 3.9). Secondly, the accumulation of the Moon

at greater distances beginning with 30 R and farther is unlikely. The

swarm revolving around the Earth in the far zone would have had the

plane of sp._metry •coinciding with the ecliptic, and the Moon growing

in this zone would also have revolved in the plane of the ecliptic.

Goldreich considers the zone between I0 and 30 R as uniquely Dos-

sible for the accumulation of the Moon, since in this region the angle

obtained from the calculations is approximately the same as the In-

clination of the "natural plane" to the equator of the Earth. Because

of the inelastic collisions of the particles of the swarm, the orblts

of the particles must tend to occupy positions close to the "natural

plane," which in this zone is found between the equator and ecliptic.

It is true that there are not the conditions here for the formation of

a very thin disc (of the type of the rings of Saturn) with a sharply

expressed plane of symmetry and this, in the opinion of Goldrelch,

is evidence not in favor of the accumulation hypothesis.

We do not consider this reason important; the order of the clrcumter-

restrial swarm, in which accumulation of a satellite is possible,

will be specially evaluated in the fourth chapter. The problems of

the accumulation of the Moon and the further evolution of its orbit

will be considered more broadly. We emphasize here that the important

result of Goldreich is suitable for a model of the Earth-Moon system,

in which the Moon is always a single body and always revolves about

a circular orbit, on which act only tidal friction and the perturhln_

forces from the Sun and the equatorial bulge of the Earth. It is

assumed that there are no cataclysms in the system, discontinuous

changes in position of the terrestrial axis in space, fusion of the

Moon with other satellites of the Earth or objects from interplanetary

space. Meanwhile, the idea of accumulation of the planets and satel-

lites from smaller objects certainly assumes collisions with large

masses [23, 24]. Thus, the work of Goldreich can clarify the tidal
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Figure 2.11. Duration of the day (a) and the period of precession of

the lunar orbit (b). The torques of Darwin-Kaula with consideration
of solar tides.

history of the lunar orbit only in the post-accumulatlon, i.e., in

the geological stage of deve_epment of the Moon and Earth.

2.4. Geophysical Effects of Tidal Evolution

The position of the terrestrial axis in space and theveloclty

of rotation of the Earth have also changed simultaneously with the

changes in the lunar orbit because of tidal friction. Figure 2.10 a

shows that the axis of rotation of the Earth was previously less in-

clined to the axis of the ecliptic tha_ at present, but was never

collinear with it in the geological past. Tidal friction will lead /55

in the future to an increase in the inclination of the terrestrial axis.

The rate of change of this angle with time is negligibly small: 1-2 °

per billion years. Figure 2.11 a shows the change in the duration of

the terrestrial day in the course of tidal evolution. A similar pic-

ture was also obtained previously for the circular coplanar two-body

problem (cf. 2.2). At the closest possible distances of the Moon

from the Earth, the day equalled 5-6 hours, and the state of rotational

nonequilibrium of the Earth was never obtained, for which the period

of its rotation would have been 2.6 hours. This fact is also evidence

against the hypothesis of the splitting off of the Moon from the

Earth, as is the inclination of its orbit to the terrestrial equator.

The axial rotation of the Moon at present is synchronized with the re-

volution, and this state is stable. It is impossible to estimate the

original rotation of the Moon, since both the energy and angular momen-

tum of this rotation is negligibly small in the total balance of the

system. However, it can be stated that for any initial angular velo-

city of rotation less than the velocity for rotational instability,
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Figure 2.12.

The distribution of the

braking tidal torque L

from waves M 2 for various
latitude zones in the

Pacific Ocean.

the tidal deceleration was very strong, if

the Q-factor of the Moon was the same order

of magnitude as fcr the Earth. In fact,

substitution in place of the mass and radius /56

of the Earth in Formula (2.13) of the same

values for the Moon and also K_,_ _02 0.0_

gives a deceleration d_:/dt several hundred

times more effective than the deceleration

of the rotation of the Earth. Thus, It can

be assumed that the Moon has been in syn-

chronized rotation during practically all

geological time.

Let us turn again to the release of tidal energy in the Earth and

Moon. We have already noted that the circle approximation is suitable

for investigating the evolution of the lunar orbit, and to evaluate

the release of tidal energy in the Earth the approximation of a cir-

cular equatorial orbit of the Moon applies, since the velocity of

rotation of the Earth and, consequently , the kinetic energy of rota _

tlon have practically no difference in the case of finite inclination

e and e = O. Thus , we can assume that the integral release of tidal

energy in the Earth can be determined from Formula (2.21), where the

lower limit of the distance of the Moon from the Earth should betaken

equal to i0 R, taking into account the conclusions of the preceding

paragraph (cf. also Figure 2.6). Consequently, over the entire geo-

logical history of the Earth, _he total tidal energy released in the

Earth, independent of its dissipative properties, is:

Etidal g 2.8.1037 erg. •(2..40)

The distribution of this integral energy, firstly, between the ocean

and solid Earth and secondly, between the various layers in the in-

terior of the Earth, is of interest for geophysics.

The distribution of the tidal energy being dissipated between

the ocean and solid Earth is not yet known exactly. If all the change

, in the velocity of rotation of the Earth, revealed from astronomical

observations, are due to tidal friction, then the torque produced

between the Earth and Moon is L_ = 3_9.10"-_dyne'cm, and the corresponding

" total release of energy in the Earth is about 2.7 1019 erg/sec,
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the parameter Q corresponding to the entire Earth is about 13. The

ever greater role of the terrestrial oceans in the dissipation of

tidal energy has been determined recently. In addition to th_ tidal

friction in low-water seas and channels, oscillatory processes have

been-observed in the deep-water parts of the ocean, which are also

"dissipators" of energy [25]. Verification of this is the direct cal-

culation of the tidal torque from the entire water mass of the oceans,

which was carried out by M. V. Kuznetsov and N. M.

Parlyskly [13, 26] from the current cotidal charts of K.T. Bogdanov

and V.A. Magarlk, Asad and Pekerls and Tsakhel' (curves I - 3, Figure

2.12). The torque is larger than the "astronomical" presented above,

and is (7-8) 1023 dyne.cm. Consequently, there must exist internal

processes in the Earth accelerating its rotation (for example, the

subsidence of heavier masses toward the center), in order to compensate

the tidal slowing of the rotation, which for such a large torque

would be greater than the "astr_nomlcal." The total magnitude of the

energy now being dissipated cannot be measured directly. It is de-

rived "from the torque;" if the new data are true, then the dissipa-

tion in the oceans must exceed a value of 2.7 _ I019 erg/sec. This

does not imply that energy has now stopped dissipa?ing in the solid

tides. The phas e lag of the solid tides in the Earth is _ntually sig-

nlficant [9]; it is the order of I°, although it is still difficult

to evaluate it precisely from the observations, which is why there is

not a sufficiently certain estimate of energy being dissipated in the

interior.

Analogous phenomena also exist in the other planets of the solar

system: the resonance rotation of Mercury, the deceleration of the

rotation of Venus, the synchronized rot_tlon of the satellites of

Mars and Jupiter, and, of course, the absence of satellites of Mer-

cury and Venus. All these phenomena can be explained only with the

presence of dissipative processes in the interiors of the solid plane-

tary bodies without oceanic shells (cf. Chapter 6).

It is probable at present that tidal energy the order of l019

erg/year is being dissipated in the solid Earth, and in those layers

/5__!7
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or parts with lower values of Q. For the thermal properties of the

entire Earth as a whole, this is only an insignificant addition to the

radiogenic heat, whose release is approximately 20 times greater. How-

ever, because of the nonuniform distribution in the Earth of parts

with low viscosity, in which an overwhelming part of the tidal energy

is dissipated, temperature Inhomogeneities can be produced in the

Earth [27].

Let us consider for an example the thermal condltions of such an

inhomogeneity, which is part of a plane-parallel layer in the upper

mantle of the Earth, in which a greater part of the release of tidal

heat is concentrated. A spherical layer of thickness AR has a vol-

ume of approximately 3AR/R times less than the volume of the Earth.

We assume that the effective dissipator is not the entire layer,

but only approximately half of it; for example, extended centers in

the low and mld-latltudes, where the tidal deformations are most sig-

nificant. Then for a layer thickness of AR _ 200 km, the contribution

of the tidal energy will be the same as the contribution of radioac-

tivity, which is understood to be uniformly distributed over the en-

tire thickness of the mantle. In the case of a layer close to the

surface, one can apply the problem for the semi-infinite plane, since

the solution of the problem for plane layers differs from the solution

for spherical layers by no more than 10%, if the thickness of the

layers does not exceed 50 km [28]. As is well known, the solution of

the inhomogeneous heat conduction equation for a semi-infinite plane:

+_I'I_. +t ,,:+" lit,, P+
---+:-k- .....

,_+ ,',: ".+ (2.41)

with the initial and boundary conditions;

7' L._,t_) 7', (.'+ 7'_,,. +) ,+. (2.42)

where x = 0 at the surface of the Earth can be represented in the form /58

of the sum of the solution for the homogeneous equation (without

sources) with these initial and boundary conditions and the solution

of the Inhomogeneous equation [with consideration of the source func-

tion H (x,t)] and zero initial temperature:

T(x,n +7'_(_,f_+t O(J,t), (2.43)

where

O(:r, O) T_(:r), n(O. t) : +1. 7+.(.+, f_): O, 7'.:(+t t) o.
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i i u:-.'_{ [ _-=._'] ".2 l:_ Cp o

--exp[, ,k q._ ,) ]} ._.

(2.44)

The true temperature at a siren depth is the sum of the values

of T2(x,t) and _(x, t). However, for our purpose of determining the

excess temperature related to the additional heat sources, which are

"switched on" at some stage of the thermal history, it is sufficient

to evaluate only the value of T 2, i.e., the temperature of the medium

heated from 0 ° ['rom the time of "switching on" both the principal

and additional sources. The value of _ (x,t) reflects the thermal

prehistory of the model •_(x,0) = Tl(X), and is also the background on

which the phenomenon of interest occurs, because :,•(x,t) denotes the

temperature of the cooling medium without sources. We give the func-

tion H(x,t) in the form:

{_,(t), 0<x<_,
IICx,t)= H,(t)iH,(O, h,<:c<l_,

• H,(q, _<x<_. (2.45)

Then the integral over _ can be •expanded into three integrals with

limits corresponding to (2.45). The substitution of (x-+_)//4k(t-T)=e

gives :
¢ +

@

f

,,+

J

where ¢ is the error integral.

This formula is convenient in that the first term on the right

side (T2(r)) describes the heatlng from 0c of a homogeneous model with

uniformly, distributed radioactive sourcesHr(t), and the second term

(T_ e)) determines the temperature correction caused by the tidal heat

evolution He(t) in the+layer between h I and h 2. The value of this

correction remains unchanged and above the total temperature in which

0_x,t) appears. If one now sets Hr(t) = const and He(t) = const, which
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is practically true for the oast billion years, then one can integrate

(2.46) and obtain the formula for calculation in the form:

I.

•,V7 ._,_, ",] (2.47)
+ _" ",kJ '

where Xl=X+hl, x2=x+h2, x3= !x - hl_, x4= Ix - h21 and n takes even

or odd values in the cases

z _ ;,,_.], even

ill -C .... _ i_., even

h_.,_ _- even

i- L' i=3 t--i

odd odd even

odd even even

odd even odd

Figure 2.13 presents the solution for T2(x,t) with He/CP = Hr/CO =

l0 -14 deg/sec; for C = 0.2 cal/gm.deg and o = 3.5 gm/cm 3 this corresponds

to H e = Hr = 0.7 l0 -14 cal/cm3-sec, i.e., a release of heat typical

for chondrites. The value of H r in this case produces a homogener,ls

background, and its numerical value does not effect the value of the

temperature excess. A lower value of H r is usually taken for the

mantle in calculations of the thermal state of the Earth (taking into

account the depletion of radioactive elements in the mantle). The

heat conductlon coefficient k was taken as 0.01 cm2/sec. In the num-

erical example under consideration, the "dissipation layer" is taken

close to the surface (h I = 100 km, h2 = 300 km). Thus, the entire

zone under consideration lies in a region of intense heat outflow, which

d_creases all excess thermal effects. In spite of this, the excess

temperature in the layer (h l, h 2) and its vicinity has reached 30 ° over

100 million years and 100 ° over one billion years, becuase of the dis-

tribution of the excess heat in the adjacent layers. This estimate

is not a maximum; the excess temperature could have reached even

higher va3ues, if the "dissipation layer" had been deeper. It is

only important here that the mechanism for additional heating act

over a sufficiently long time. The viscosity coefficient and the r_-

laxation time depend very strongly on temperature [29]: at a temperature

of the material of 1600 - 1800°K typical for depths -f 200-300 km, its

change by 100 ° leads to a change in the viscosity coefficient of l0
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times. The viscosity coefficient also depends very strongly on the

properties of the crystalline structure of the material of the mantle,

which can differ from place to place at the same depth. These circum-

stances must evidently cause a variability of the viscosity coefficient

within the layer where it reaches minim_, values. This can also lead"

to the creation of "centers" of tidal energy dissipation in the Earth

and to the enhancement of i_itially small temperature inhomogeneities

due to the excess heating in the "centers." Tidal heating of the in-

terior of the Moon, as was alread_ noted above, is insignific_t (cf.

2.3 of this chapter).

• b_!

qJ _.V

,_ " Jd:

i

Iji "

....... i.............. ,

..... ,t,: _,:' ,_d :ikm

Figure 2.13. Heatingof the
upper layers of the Earth with

a homogeneous distrlbution of
radioactive elements (dashed distance of the Moon from the Earth.

lines) and additional (tidal) The Moon could not have •split off the
heat sources in the layer (hi, _ .-

•h2 ) (solid line). Curves i- Earth, and also could not have formed
o are the temperatures of the
upBer layer':of the Earth l07, as a single body at dist_ces less

!0 u and l0 _ years after the than 10R and greater than 30 R.

beginning of the heating.

The consideration of the tidal

evolution of the lunar orbit shows

that the Moon was closer tothe Earth

in the past and was a more normal satel-

lite. The eccentricity of the orbit

and its inclination to the equator of

the Earth were less than the present,

although the equator and orbit were

never coplai_er. This imposes a ll-

mitation on the value of the initial
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CHAPTER3

VARIOUS HYPOTHESESON THE ORIGIN OF THE MOON

The age of the Earth from geochemical estimates coincides with

the age of the oldest stony meteorites, which equals 4.6 billion

years [i]. On the basis of measurements of the ages of lunar rocks,

the conclusion has been reached that the age of the Moon is 4.5 - 4.6

billion years [2]. The coincidence of the epochs of formation of

all bodies, which have been investigated up the present by chemical

methods, verifies the generality of the process leading to the gener-
ation of bodies of the planetary system. Until the direct determina-

tions of the ages of celestial objects, this general character of the

process was postulated from the dynamic peculiarities of the solar

system.

/6_!

\

In spite of such good agreement between mechanics and space chem-

istry in the approach to planetary cosmogony in general, the specific

method of formation of the Earth and Moon has not been interpreted

directly from the observational data extracted at the surfaces of the_e

•objects. The expectation that the investigations of the surface of

the Moon could unlock the secret of the origin of the terrestrial

planets was not Justified. The surface of the Moon appeared after

investigations in th_ form in which it was formed during t_e period

from 3.9 to 3.1 billion years ago, since later processes did not

change it very much. But the early stages of the history of the Moon

were erased. In order to "complete" the past of the Moon and to

describe the first 0.I - 0.2 billion years of its history, it is

necessary to "filter out" the many factors superimposed in the initial

period of its existence. The work of many scientists will be devoted

in the next years to this very complex problem of solving the evolution

of the interior and surface of the Moon.

Consideration of the tidal evolution of the lunar orbit brings

additional information for explaining the history of the Moon, by

limiting the region of possible "starts" for the motion of the Moon
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around the Earth. The development of the model Of

the formation of the Moon can be compared with the cutting of an under-

ground tunnel toward the tunnel which is being "dug" by analyzing pre-

sent observational data. Both tunnels will Join in the favorable case

of constructing the correct model for the formation of the Moon. At

present there exist three hypotheses for the formation of the Moon:

l) In orbit around the Earth; 2) By splitting off from the Earth; 3)

By capture by the Earth from a circumsolar orbit. We will consider them

in turn.

3.1. Formation of the Moon in a Circumterrestrial Orbit.

Model of the Institute of Earth Physics. The formation of the

Moon in the form of a separate body in circumterrestrial orbit is a

component part of the process_ which, according to the idea of O.Yu.

Shmidt [3,4], converted the circumsolar gas-dust cloud into the sys-

tem of planets. The scheme of Shmidt for the formation of the planets

was developed on the basis of physical and mechanical considerations

for the purpose of explaining the basic dynamic characteristics of the

solar system and also the evolution of the Earth as a planet. The

authors of works [5,6] were then led to similar ideas on the basis of

physical-chemical and nuclear-physical data. The priority in the

development of the theory of O.Yu. Shmidt belongs to the Institute

of Earth Physics (IFZ) AN SSSR. Co-workers of the Division of Earth

Evolution, created by Shmidt in 1946, continue to work on this problem

at present in the Insbitute. The model of the formation of the Earth

from the preplanetary cloud was developed in quantitative form by

V.S. Safronov [7]. The first attempts were recently made at a direct

computer simulation of several cosmogonic processes, previously stu-

died by the methods of gas dynamics or statistical physics. The evo-

lutionary scheme of the "machine" preplanetary cloud into the system

of planets [83 actually repeats the scheme of V.S. Safronov.

I

The theory of O.Yu. Shmidt in its present quantitative form is

evaluated as one of the most promising. In 1972 the French Academy

of Sciences conducted a special international symposium in Nice,

devoted to a critical comparison of the observed data with the existing

models of the origin of the solar system. The model of Safronov was

68



one of the six selected for consideration (the other five were the mo-

dels of Alfven, Hoyle, Schatzman, Cameron, ter Haar). It encountered

essentially no criticism, whereas the other models were seriously cri-

ticized [9S. Kaula evaluates the model of Safronov as dynamically

the most valid picture of the evolution of the preplanetary cloud

into the system of planets with the minimum activity of the Sun in

the past and with the minimum mass of the cloud El0].

we will briefly discuss the sequence of events in the preplanetary

cloud in accordance with the model developed at IFZ AN SSSR. Whatever

the origin of the preplanetary cloud: its capture by the Sun or sep-

aration from the protosun in the process of compression, it is natural

to assign to the cloud a "cosmic" or "solar" composition, i.e., 99%

hydrogen and helium and 1% of the other elements in the same propor-

tion as in the Sun. This assumption agrees with the fact that the two

largest planets, Jupiter and Saturn, which now have 95% of the mass

of all the planets, consist mainly of hydrogen and helium. The fur-

ther development of the preplanetary cloud must have gone according

to its internal law, conforming to the attraction of the Sun and its

radiation. Other stars and galaxies could not have significantly

affected the solar system, since its dimension (within the orbit of

Pluto) is ten thousand times smaller than the distances to the nearest

Stars. The temperature determined by the radiation of the Sun must

have been established in the preplanetary cloud, since there were no

natural sources of energy in the cloud. The mass of all the planets

is now 0.13% of the mass of the Sun. The mass of the cloud must have

exceeded the mass of the planets, since it was composed of volatile

gases, which do not appear in the planets. But if it is assumed, as

was done, for example, by Cameron [9, page 56], that the mass of the

cloud was at first much greater than 0.05 or 0.1 solar mass, say, equal

to 2 or 3 of its masses, then very great difficulties arise in explain-

ing the ejection of the excess from the solar system.

16__ 4

Moreover, a massive cloud would evolve most rapidly not into a

system of planets, but into a star-like satellite of the Sun [8]. For

a small (as compared to the Sun) mass of the cloud, the average spa-

tial density of matter in the cloud was very small, comparable to the

density of laboratory vacuums. Under these conditions no substance
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could be in the liquid state:

and gaseous --were possible.
P

to its present value, a temperature of about 0°C must have been estab-

lished at the distance of the Earth from the Sun after a comparatively

short time (the order of 106 years). Thus, all metals and water in

particular must have been in the solid state. Only the strongly at-

tenuated radiation of the Sun reached to the more remote region of

Jupiter and Saturn, and the temperature was probably below -200°C.

All the low-melting and volatile compounds - water, methane, ammonia,

carbon dioxide, etc.-- must haveibeen in the frozen state here. But

nowhere within the preplanetary cloud (as in the interstellar clouds)

did the temperature fall so low that hydrogen and helium could be

frozen into solid particles. Thus, the preplanetary cloud consisted

of the gases _f hydrogen and heliJm and of dust particles, whose com-

position was increasingly enriched with volatile substances with in-

creasing distance from the Sun. The role of gas pressure in the cloud

was _small. The basic force controlling its motion was the gravitation

of the Sun, and the cloud revolved about it with the Keplerian angular

velocity practically throughout.

the existence of only two phases - solid
T

After the luminosity of the Sun decreased i

The further course of events depends on whether there were large-

scale vortex (turbulent) motions in the cloud or its revolution around

the Sun was laminar. In the case of turbulent motion, the gas and

dust are mixed, the cloud has the form of a thick torus without a sig-

nificant separation of these two components. The growth of solid ob-

Jects is possible onl_ by the combination of individual particles with

their collisions. The formation of massive gaseous planets is eK-

eluded here. However, large-scale vortex motions could not be maintained

in the cloud longer than l0 million years [ll]; they must have been

attenuated. The dust settled to the central plane, and the cloud took

the form of a gaseous torus with a thin equatorial layer of small solid

bodies and particles. There could not have yet been any sort of large

bodies among them. This stage was not necessarily traversed "simulta-

neously" in the entire preplanetary cloud, but the tendency toward

the collection of the dust component into a thin disc was everywhere.

/6_ 5

During this "flattening," the relative velocities of dust particles

were small, probably no more than several meters per second. Under
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these _onditions, adhesion of silicate particles with each other is

possible, whereas metallic particles, as a rule, do not adhere [12].
Besides the direct growth of bodies by adhesion, the formation of

dust clumps of mixed composition is possible in the thin dust layer

because of _ts gravitational instability. The collision of the

clumps leads rapidly to their combination with each other, consolida-

tion and conversion into continuous solid bodies with cross sections

of tens or hundreds of kilometers. The mutual attraction of large

bodies distorted their ordered motion along circular orbits about

the Sun. The velocities of objects with collision increased to sev-

eral hundred meters or even several kilometers per second. This

aided the "welding" of metallic (mainly iron) particles to each other

and, conversely, led to the fracturing of small silicate bodies. Such
a difference in the behavior of iron and silicates is observed over

a wide range of "cosmic" veloclties - from 1.5 to I0 km/sec [12, 13].

The oxides of metals, iron in particular, are also broken up with col -_

lisions with "cosmic" velocities, but the indications are that the

fracture fragments are somewhat larger than, for example, for the

oxide of silicon - the principal component of stony bodies (cf. Chap-

ter 5.3). The fact that the collisions of particles are always in-

elastic, with a loss of part of their kinetic energy to heat, fracturing,

deformation and ejection of fragments, is very important for planetary

cosmogony.

The study of the distribution function of many cosmic bodies sub-

Jected to collisions with very different velocities is an extrordinarily

difficult problem. The result of the collision (adhesion or fracturing,

the dimensions of the final products) depends on many factors: the

velocity at impact, the composition of the bodies, the shape of the bo-

dies, the monollthicityo There are laboratory data in the required

range of velocities only for metallic and stony bodies. There are no

laboratory data at all on collisions for bodies containing volatile

components. Thus, only some average approach to the problem is possible.

It is somewhat simplified by the fact that the principal factor control-/66

'ling the process of coagulation in the preplanetary cloudls the mass

of the bodies.
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Large bodies, independent of composition, have the tendency for

growth, and the intermediate and small are broken up and gradually

scooped up by the large. If follows from the theory that with colli-

sions of solid bodies a mass distribution is established in their en-

semble, which is well represented by an inverse power law N(m)d,,--m-_Idm

where q_ 1.8 [14.15[. A significant regularity is observed for this value

of q: a larger part of the material (mass) is included in the large

!bodies, while the larger fraction of the total surface belongs to the

fine component of the ensemble. The power law is violated only at

the ends of the distribution: for the smallest and largest bodies.

Particles with dimensions less than l0 -5 - l0 -6 cm are subjected to

additional effects: light repulsion, evaporation because of the

large curvature of the surface, and their role is insignificant in

the general ensemble. On the contrary, the largest body in the en-

semble plays an extremely great role. The tendencies for growth are

such that this body "separates" from the competitors by several orders

of magnitude in mass and becomes the single nucleus of a planet. In

"body No. l"the zone of the Earth for example, its nucleus, , was

during the active stage of growth approximately l03 times more mas-

sive than "body No. 2," which in the final analysis was absorbed by

it. The separation of the preplanetary cloud into autonomous "supply

zones" of individual large nuclei resulted from the distribution of

mass and velocities of the preplanetary bodies. The larger the "sur-

face" density of the material (i.e., the mass of a column with unit cross

section perpendicular to the central plane of the cloud) at a given
L

distance, the larger the preplanetary bodies here, the more massive

the nuclei and the wider its supply zone. In the limit when the nu-

cleus is large (say_ several times more massive than •the present Ju-

piter), the entire preplanetary cloud can become a single supply zone

for a star-like satellite of the Sun. The transition from planet to

stellar object, whose radiation is maintained by nuclear synthesis re-

actions, is only quantitative. Dwarf stars are known with masses

of at most 0.03 Me, i.e., S0 times larger than the mass of Jupiter.

The "surface" density o in the preplanetary cloud is usually de-

fined as the addition of material to the mass of the planets required

to coincide with the solar composition. Thus, in the region of the
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terrestrial planets a could have reached 5 • i0 S - 104 gm/cm2, but

only i0 - 20 gm/cm2 occurs in the fraction of condensed material.

Hydrogen and helium must have been dissipated under the effect of the

solar corpuscular flux and did not appear in the composition of the

preplanetary bodies. The hydrodynamic effect of gas on the preplan-

etary bodies could not have been slgnificant, since its density did
not exceed 10-9 gm/cmS. In the region of Jupiter and Saturn, _ would

have been about I00 gm/cm 2, if the present composition of these planets

is exactly the "solar" composition and nothing was lost from their

zone. However, it is more likely that _ was several times greater

than the present, since part of the material in the form of preplanetary

bodies was ejected from the zones of Jupiter and Saturn by perturbations

from the massive nuclei of these planets [16]. The growth process

of these nuclei was aided by the great abundance of ice and other frozen

material in the preplanetary bodies. When the nuclei of Jupiter and

Saturn reached approximately the mass of the Earth (this was, in a

way, a "critical mass"), they must have been actively enveloped by an

atmosphere of hydrogen and helium. Consequently, _n the zone of the

" the gas must have alreadyEarth, whose mass is close to "critical,

been dissipated before the beginning of active accretion - the com-

bination of gas to the nucleus.

Accretion is an accelerating process, for which the increment of

mass of a planet is proportional to the square of the mass; thus, once

started, it goes to the complete scooping up of gas in the zone, over-

taking the ejection oF gas by solar particles. Only the accretion

of gas can explain the present composltion of Jupiter and Saturn,

which, Judging from their low density, must be very close to the com-

position of the Sun [17]. Bodies of signlflcantlylower mass than

critical in their zone have quite another composition: the satellites

of Jupiter and Saturn, the largest of which arecomparable in mass to

the Moon, have average densities of about 2.5 - 3.0 gm/cm 3, which in-

dicates their stony-ice composition.

The average density of Uranus and Neptune indicates that their

composition cannot be "solar." Hydrogen and heliGm appear only in

the composition of the atmospheres of these planets, The most suita-

ble substance for them both in cosmic abundance as well as in density
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(for the corresponding pressures in the interiors of Uranus and Neptune)

is water with various additions El8]. This fact has very great sig-

nificance for understanding the processes at the far reaches of the

preplanetary cloud.

Uranus and Neptune were formed much more gradually than the ter-

restrial planets and also Jupiter and Saturn. This is explained by

two causes: the slow scooping up of material because of the slower

revolution of Uranus and Neptune around the Sun and the lower density

of the material. Over the time of growth of Uranus and Neptune up to

critical mass, the hydrogen and helium had essentially left the solar

system. _ Moreover, many solid preplanetary bodies must have left the

region of Uranus and Neptune; such is the result of the gravitational

perturbations from the larger nuclei of the planets at the periphery

of the planetary system, where the gravitation of the Sun is weak.

If there had not been at first in the zone of Uranus and Neptune in

addition I0 times more condensed material, then these planets simply

could not have grown to the present dimensions over the whole time of

existence of the solar system (more than 1010 years would have been

necessary K20]). Calculations indicate that the eJecte_-preplanetary /68

bodies from the region of the Jovian planets must have frequently reached

the Oort cloud of comets, which is at the very boundaries of the

sphere of influence of the Sun El6]. It was discovered only comparatively

recently that the nuclei of comet consist mainly of H20 ice with ad-

mixtures E21]. The "aqueous" composition of Uranus and Neptune, con-

fidently predicted theoretically, agrees well with the hypothesis about

the origin of comets as preplanetary bodies ejected by perturbations

- frozen samples Of the material of Uranus and Neptune.

The concept of O.Yu. Shmidt, developed at IFZ AN SSS_ explains

from a single point of view the origin of the basic physical and dynamic

peculiarities of the planetary system. In this concept the formation

of the satellites is thought of as a process accompanying the formation

of the planets. O.Yu. Shmidt did not successfully investigate this

i The problem of the dissipation of gases from the solar system has

not been studied quantitatively to a sufficient degree, since the in-

tensity of corpuscular radiation of the early Sun is not known. The

dissipation mechanism is developed in EIgJ.
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process in quantitative form himself. However, the general idea was

rather clearly expressed in his book "Four Lectures on the Theory of

the Origin of the Earth" (1957).[4S: "During the formation of the

planets, in the process of convergence of particles with the large

nuclei of the planets, some of the particles lost so much velocity

in colliding, that they dropped out of the general swarm and began to

revolve about the planet. Thus, a clump is formed about the planetary

nucleus - a swarm of particles revolving about it in elliptical orbits.

These particles also collide and change their orbits. The same pro-

cesses, as for the formation of the planets, will occur on a reduced

scale in these swarms. A majority of the particles falls to the

planet (combine with it), part of them will form a clrcumplanetary

swarm and combine into independent nuclei - the future satellites of

the planet o.. With the averaging of the orbits of the particles

forming the satellites, the latter acquires a symmetric, i.e., close

to circular, orbit lying in the equatorial plane of the planet."

A theoretical model of the formation of the Moon, which will be

discussed in detail in Chapters 4 and 5 and its application to the

formation of the satellites Of the planets in Chapter 6, was developed

on the basis of this idea by us at IFZ AN SSSR, beginning in 1960.

We want to note in this chapter the fundamental importance of

the prerequisites of the growth of the Earth for the various models

of the formation of the Moon. Calculation of the growth of the Moon

according to the model developed at the IFZ AN SSSR leads to a duration

for the growth of the order of i08 years (in more detail, cf. Chapter

4). As will be nobed later, the authors of Other models of the form-

ation of the Earth arbitrarily assign a shorter duration, l05 [22]

or 106 years [23]. Such a short scale for the formation of the Earth

was recently used in [24]. In some schemes of Cameron, the time of

growth of the Earth is postulated even shorter - 104 - l05 years [25].

It should be emphasized that the time of growth of the Earth cannot

be a free parameter; I it results from the requirement of the whole

concept.
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The Opik model. In the literature of reoent years, one frequently

encounters the expression "_ik model" as applied to the origin of the

Moon. It amounts to the formation of a swarm of satellites around the

Earth in the form of a ring of the type of the rings of Saturn. The

process of accumulation of the Moon from such rings occurs rather ra-

pidly - over 102 - 105 years. Such an assertion was made in qualita-
!ee

tive form in 1961 [26]. In 1971 Opik [27] acknowledged the identity

of his concepts with the previously proposed concept of O.Yu. Shmldt,

which we had developed further. Opik noted that the formation of the

Moon from a satellite swarm is the only acceptable way: "It should

be emphasized that the direct condensation of the Moon from the gas-

eous state is a rather unlikely assumption. Even if the required

conditions of extremely low temperature and high gas density could

have been accomplished, the Earth would have used them in the first

place and then turned into a Jovian planet. The accumulation of solid

particles is the only way by which the Moon could have been formed.

The velocity of fall onto it must not have exceeded II km/sec, other-

wise mass loss would have been obtained instead of accretion, even for

the present lunar mass; for the growth of a smaller mass a lower velo-

city limit should have been applied to 2 km/sec and lower. Hence,

the inevitable requirement that the accumulation took place from some

ring of solid partlcles, in which the relative velocities would have

been small" [27, page 136].

The logic of the arguments which led Opik to this conclusion

was independent from that which is the basis of the works of O_Yu.

Shmidt and his coworkers. Opik thoroughly analyzed the present ob-

servational data for the small bodies of the solar system and from

them reconstructed the past of the Moon. In his many and very de-

tailed works devoted to the Moon, he considered the structure and

evolution of its surface; he contributed many new ideas to the the-

ory of impact crater formation, significantly strengthening its po-

sition. The extraordinary breadth of investigations of the bodies

of the solar system - from meteors to the Jovian planets - made pos-

sible his complex approach to the study of the Moon on the basis of

all the available observational data. Some of his predictions have

been brilliantly confirmed. For example, _ik estimated from meteoritic

investigations the addition of meteoritic material into the lunar
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regolith as 2 - 3% [26], while chemical analysis of the samples brought

back to Earth have given for this addition 1.5 - 2% K243. With the

present level of knowledge about the size distribution function for

small bodies of the solar system_ this coincidence should be considered

very good.

Opik took his own original path to his concepts about the origin

of the Moon in a near orbit about the Earth. He formulated the problem

in 1961: to collect from th_ statistics of the ellipticity of the

oldest craters on the visible side of the Moon the traces of larger

tidal deformation than that which corresponds to the present distance /7___O0

of the Moon from the Earth. On photographs taken from the Earth, he

measured the ratio (a- b)/a for 53 highland craters within an angular

distance of 12 ° from the center of the visible disc of the Moon and

for 125 craters in the region between 50 and 70 ° from the center. He

eliminated the ellipticity related to the projection of the lunar sphere

onto flat film. The remaining ellipticity must consist of two com-

ponents: a random component caused by the inclined fall of a crater-

forming body flying with limited velocity and a systematic component

caused by the tidal deformation of the Moon (because of terrestrial tides)

and the rotation of the Moon about its axis. Opik obtained for the

random component an average ellipticity of about 0.070 for the central

region and 0.096 for the region close to the limb, from which he in-

cluded with consideration of the low profiles of the craters that the

craters were formed by impacts with low velocities the order of 3 kin/
i

sec into material with a shear modulus 5 - I0 times lower than for

basalts. One can conclude from the value of the velocity that the

falling bodies were in circumstantial orbits.

_ik found for the systematic component of elliptlcity in the

central region a certain predominance of the maridional distribution,

which could correspond to tidal deformation of the Moon at a distance

of (4.5 _ 0._i R. For the region close to the limb the distribution of

ellipticity best corresponded to a distance of _.I ± I.!_ R. Hence,

the conclusion follows that the formation of the Moon was completed

when the Moon was in an orbit with a radius of (5-8) R and later bom-

bardment could no longer erase the old relief from the surface.
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It should be noted that the accuracy of the observational data,

which led _Ik to such an important conclusion, was insufficient

nevertheless. Kaula K28S noted the desirability of repeating the in-

vestigation of the ellipticity of craters with more current material,

that is, with the help of photographs of the Moon from spacecraft

oriented from the stars.

The difference of the Opik model from ours !is mainly that

he does not relate the formation of the prelunar ring of satellites

necessarily with inelastic collisions of particles in the vicinity

of the growing Earth. Opik also considers such possibilities as the

escape of material from a rapidly rotating Earth and the formation of

a satellite ring first within the Roche limit, and then tidal withdrawal

of the individual satellites (there must have been no less than I000)

beyond this limit and the gradual accumulation of the Moon.

However, in this case, even if the duration of the tidal with-

drawal of small satellites (the time of withdrawal is inversely pro-

portional to the mass of the satellites) could be increased to the

necessary degree, the Moon would have had an equatorial orblt,_which

does not agree with the facts.

Another possibility, according to Opik, is rela_ed to a close

passage of a large body (the protomoon) into the immediate vicinity

about the Earth and the disruption of this body by the tidal forces

of the Earth. (Mitle_ C29S recently expressed a similar hypothesis.)

In this case, solid fragments of the body with radius up to 200 km

could have wlthstood the disrupting effect of the tidal forces and,

having first been within the Roche limit, then could have left it and

begun to collect into the Moon. In both cases, the formation of a

circumterrestrial swarm due to collisions is not required. However,

both possibilities considered by 0pik illustrate the necessity of the

formation of the Moon from a circumterrestrial swarm of particles,

rather than confirming the hypotheses of splitting off or capture.

Another difference of the Oplk model _rom ours consists of the
i

assumption of a shorter scale for the growth of the Earth, 4 • 105

years, which is less valid (cf. above).
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The Rinswood model. In 1960 Ringwood expressed a hypothesis about

the formation of the Earth with the simultaneous precipitation of the

iron core, calling it the "single-stage" hypothesis [30]. He assumed

the initial components to be solid particles and bodies with dimensions

in the interval from one to 106 cm and with the composition of the

carbonaceous chondrites. The duration of the accumulation was assumed

short (about 106 years). In 1966 Ringwood proposed that a by-product

of such an accumulation could be the formation of the Moon from the

primary massive and hot atmosphere of the Earth, from which a disc

of solid particles would be separated with cooling, in the form of

precipitates, containing less iron and more volatile components than

the material of the Earth: the so-called "precipitation hypotheses"

[31]. When it was first revealed in 1969-1970 that the Moon is depleted

in volatile components [24], Ringwood introduced a correction to this

hypothesis and cited the elimination of the most volatile substances

from the primary atmosphere of the Earth with the help of an intense

corpuscular radiation of the Sun, which, according to the assumption,

was then a T Tauri star.* In 1970 [233 his model took the following

form.

Without Justifying the brevity of the scale of accumulation of

the Earth, Ringwood assumed that this process occurred at a temperature

of from 1000 to 2000°C. The sequence of physical-chemical conversions,

which occurred according to Ringwood, is easily seen in Figure 3.1.

The pattern qualitatively amounts to the development in the pro-

cess of the growth of the Earth of a thick primary atmosphere of CO,

H 2 and evaporated silicates, which prevented the escape of heat with

accumulation. The Earth is formed as if "from the inside out:" inside;/72

chondrite material, from the outside - reduced metals. Such a config-

uration is unstable: the metal (iron) collapses into the core, because

of which the temperature of 2000°C is reached with the release of

additional energy. In the atmosphere of the Earth is from 20-50% of

.its mass. With expansion and cooling, the atmosphere condenses into

* T Tauri Stars, similar in mass to the Sun, are usually related to

interstellar dust clouds. A signfficant discharge of material takes

place from these stars in the formof charged particles fluxes - "stel-

lar wind," which exceeds by 6 ot 7 orders of magnitude the present
"solar wind."
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Figure 3.1. Sequence of the

physical-chemical conversions

of the Earth with rapid accu-
mulation.

I - Temperature limit of existence of
a cold oxidized core enriched with

volatile elements;

II - Region of formation of the primary

atmosphere (planestesimals are de-

gassed with impacts) and the re-
duction of oxidized iron into me-

tallic;

I I!I - Region of selective evaporation

of Na, K, Rb, Cs, Pb, Bi, TI, In,

etc. into the primary atmosphere;

IV - Region of selective evaporation

of SiO, Mg;

V - Region of complete evaporation of

accumulated planetesimals;

VI - Region of melting of iron and

silicates forming the core.

a ring of planetesimals around the Earth, from which the Moon later

forms.

O

With the expansion of the atmosphere, precipitation occurs in an

order opposite to that shown in Figure 3.1. The first condensates,

precipitating at a higher temperature, form large bodies - up to 10 7

cm. The volatile components condensing later most likely form fine

particles, which are carried away by the gas of the primary terres-

trial atmosphere being blown away with flares of the Sun in the T

Tauri stage. The nonvolatile calcium and aluminum silicates, iron,

MgSiO 3 appear predominantly in the composition of the Moon. The sorting

of the volatile compounds occurs mainly because of the earlier preci-

pitation of the nonvolatile compounds, which formed the larger particles

(the pianetesimals). The volatile elements Na, K, Rb, Cs, Zn, Hg, Cd,

Cu, Ge, Pb, TI, Bi, In, Ga, Sb, As, Br, J, CI, Se and Te are extremely

depleted in the Moon. Ringwood assumes that the oxidation of iron

was not complete; the partial melting of the mixture FeO plus sili-

cates permitted precipitation of the metal, causing a deficiency of the

siderophylic elements and a low ratio of Fe3+/Fe2+ with the presence

of a certain amount of metallic iron. Ringwood assumes a time for the

accumulation of the Moon from the circumterrestrial ring as 80 years

at most, referring to Opik [26]. Of course, with such a rapid accumu-

lation of the Moon from small particles, all their gravitational energy

could not be radiated into space, and the upper layers of the Moon are

heated almost to melting by the end of its growth.
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The hypothesis of Ringwood has a qualitative nature; only the gen-

eral chemical regularities are considered in it. Its deficiency is

the neglect of the mechanics of the process. The time for the accu-

mulation of the Earth is assumed without any dynamic Justifications

whatsoever. Its value of 106 years is selected by Ringwood as some

average between the scale of Hanks and Anderson (105 years) and the

scale of Safronov (108 years). The least Justified, from the dynamic

point of view, is the formation of the circumterrestrial .ring of satel-

lites from the extended atmosphere. By atmosphere is usually meant the

gaseous shell of a planet, which is held by its gravity and which

rotates together with the planet. To precipitate from the atmosphere

a ring of satellites formed with Keplerian angular velocity requires

a great reserve of angular momentum for the whole atmosphere. Since

up to 50% of the mass of the entire Earth was transported to the at-

mosphere, it is natural to conclude that the entire Earth formed ac-

cording to Ringwood must have been rotating with the Keplerian angular

velocity at the equator, i.e., at the limit of rotational stability.

One can evaluate at once the angular momentum of the protoearth (Hpe):

with its dimensions greater than the present, this momentum would have

been no less than that which would correspond to the rotation of the

present Earth with the Keplerian angular velocity at the equator, i.e.,

with a period of 1.5 hours.
@

Thus, for the protoearth separated from the primary atmosphere of

the Moon :

' Hpe" _--Hcrit = Icrit_crit_ (3.1)

where Ierit is the moment of inertia of the Earth, corresponding to a

rotation with a velocity _crit_ Substituting Ipres = 8.09 ' 1044 CGS

< Icrit and mcrit - 12.6 • l0 -, we obtain:

Hpe_ >|0.10 4' CGS. (3.2)

It is well known that the total angular momentum of the present Earth-

Moon system is 3.45 • l041 CGS. Consequently, the Earth-Moon proto-

system must have discarded into space an excess momentum, twice as great

as all this total momentum. The ejection can be accomplished only ,

with matter, if there are sufficient forces. • However, in the scheme

of Ringwood only the volatile components are lost from the Earth-Moon

protosystem from the primary composition of the type of carbonaceous
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chondrites. The content of volatile components could be somewhat

greater than in the Earth as a whole, but in all they are only several

percent by mass, and not 2/3 by mass, as would be required for the loss

of angular momentum.

There is another difficulty of the hypothesis of Ringwood, which

is general for all hypotheses for the splitting off of the Moon from

the Earth. This is the position of the lunar orbit in the equatorial

plane of the Earth, which contradicts the calculations of the tidal

.evolution (cf. preceding chapter). Moreover, not one of the planets

of the solar system, including the Jovian, rotates at the limit of

rotational instability: rotation is always several times less, and

simulation of the rotation of the growing planets leads to approximately

the present periods, and not to the much shorter periods corresponding

to rotation at the limit of rotational instability [32 - 35S.

/J_A

The model of Anders. After observing a deficit of volatile and

low-meltlng and an excess of high-melting elements in lunar basalts 0

as compared to terrestrial basalts, Anders with co-workers [24] were

led to the conclusion that a model of the formation of the Moon in a

circumterrestrial orbit should be considered best from the point of

view of the chemical composition. He evaluated the so-called "average

temperature of the accumulated material" for the Moon. It was equal

to 650°K, while the analogous "temperature" for the Earth was 90-100°K

lower, i.e. 550°K. The concept of this "average temperature" rests on

cosmogonic ideas, which are discussed in detail in the works of Latimer

and Anders [36, 37] and also in article [38].

According to the assumption, all the baslc chemical compounds in

the terrestrial planets and in meteorites arose at one epoch, when the

hot gaseous preplanetary cloud cooled from an initial temperature of

about 2000°K, not having natural sources of heat. Even a very massive

cloud with a mass the order of the mass of the Sun spends no more than

l06 years in this cooling. The composition of the cloud is assumed

"cosmic;" the gas pressure (mainly determined by the abnndance of

atomic hydrogen) in the region of the asteroids, from which meteorites

arrive at the Earth, is assumed between I0 "3 and 10 -6 atm. This inter-

val of pressures encompasses both the model of the massive and the non-
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massive preplanetary cloud.

for each specific substance.
and Anders.

Then one can calculate the temperature

This was done in the works of Latimer

If one now takes some complex conglomerate of substances, then

one can calculate for it some "average temperature" of accumulation,

which is defined as the average condensation temperature for the most

abundant components, but certainly with consideration of the content

of the volatile components. _ According to the concept of Anders, they

are the basic "cosmic temper&tures" of the mixture. In this sense,

the "average temperatures of accumulation" were evaluated for the Earth

and Moon as 550 and 650°K.

Later, Anders [24] reached the conclusion that such a difference

in the temperatures speaks in favor of the formation of the Moon in a
near orbit about the Earth. The logic of the arguments is thus: the

Earth is accumulated rapidly on a cosmogonic scale, i.e., at a stage in

cooling of the preplanetary cloud, when its temperature had not yet

fallen to the values det@rmined by the radiation of the Sun. At the

last stage of growth, already having a satellite - the Moon --the Earth

absorbed the lower-melting substances than the Moon, because the Moon

is moving in a near (5-10)R orbit around the Earth with a geocentric

velocity of about 3 km/sec and thus has a smaller "capture cross section"

for particles from the zone of growth of the Earth containing the vola-
tile components. Being in a further orbit (60-100)R, the Moon would

have had a smaller geocentric velocity (<l cm/sec) and would have cap-

tured more volatile elements than necessary.

This argument in favor of the formation of the Moon in a near orbit

does not seem convincing. The difference in the chemical composition

of the Earth and Moon, being formed in one zone, can be explained dif-

ferently (el. Chapter 5). The mechanics of the growth of the Earth

and Moon according to Anders requires an artificially short time scale
(_ 106 years), where this short time interval must certainly coincide

with the other, too short interval for the cooling of the cloud.

/
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3.2. Formation of the Moon by Split.ring p ffj from• ithe Earth_

The hypothesis about the origin of the Moon by splitting off from

the Earth arose at the end of the 19th century.

i

The calculations of G. Darwin of the tidal evolution of the lunar

orbit showed that the Moon must have been significantly closer to the

Earth in the past. As was noted in the preceding chapter, the initial

orbit cannot be determined from such calculations, one can only eli-

minate the unlikely configurations. The accuracy of the calculations

of Darwin was not great, and even the "distance of closest approach,"

which exists in the two-body problem, was not found. Nonetheless, the

hypothesis of the splitting off of the Moon from the Earth was ex-

pressed by him. Darwin [42] noted that if both bodies were merged,

preserving the momentum of the Earth-Moon system, then this mass would

rotate with a period of about 4 hours. The period of the semidiu=nal

wave of the solar tides would then have equalled 2 hours. By assuming

that the fundamental period of the natural oscillations of the Earth is

also about 2 hours, Darwin concluded that resonance must have arisen

and the height of the tidal bulge must have increased continuously

until a piece of material (the Moon) split off from the Earth. However,

Jeffreys [43] showed that the internal friction must have prevented the

tidal bulge from developing to the required dimensions, so that the

rupture because of resonance is unlikely. MOreover, the fundamental

period of the natural oscillations of the Earth is less than i hour

(54 minutes), and not' 2 hours, as assumed by Darwin.

Attempts have been made to Justify the hypothesis of the splitting

off of the Moon from the Earth with the help of the mechanics of ro-

tating liquid masses. The fact is rather well known that there are

errors in the works of Darwin and Jeans devoted to the gradual splitting

of a rotating l_quid mass into two components because of rotational in-

stability, which were later discovered by A.M. Lyapunov and Caftan [44].

These works referrd mainly to homogeneous rotating bodies. The idea

about rotational instability was developed in the works of James [45]

*Many critical investigations describe _the different versions of this

hypothesis. In this paragraph we will use the conclusions from works
[24, 28, 39- 41], etc.

17/ 
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Figure 3.2. Rotational instability

for: (a) I g II4MR 2 -- escape from
the equator, (b) I i_ I/4 MR z m

pear-shaped figure.

appears differently depending on n.

as applied to polytropic structures,

i.e._ gaseous or liquid bodies with

a spherically symmetric distribu-

tion of density 0 related to the

pressure p by the formula:

where n is the polytropic index;

the larger n, the greater the

density concentration toward the

center of the body. James found

that the rotational instability

For n > 0.8, when the dimension-

less moment of inertia I/MR2< 0.28, escape of material from the equa-

tor in a thin disc must occur with the achievement of critical angular

velocity of rotation, as shown in Figure 3.2 a. For n < 0.8, and ac-

cordingly I/MR 2 > 0.28, the instability develops through a series of

triaxial ellipsoids, then being converted into a pear-shaped figure,

from which the massive bulge splits off (FiguRe 3.2b).

The first form of instability does not apply to the Earth in its
J

present form, since I®/MR 2 _ 0.33 > 0.28 at present. By assuming the

unlkely event that with its formation the Earth was blanketed by a

thick primary atmosphere and that its angular momentum exceeded the

present momentum of the Earth-Moon system by 3 or more times, the

value of the dimensionless moment of inertia could have been decreased

to the required iimit_ But in this case, the escape of material from

the equator would have led to the separation of at most about 1/1000

of the mass of the central body, which is clearly insufficient for

the formation of such a large s_t_111te as the Moon.

The seoQnd type of instability, from the condition for the moment

of inertia, could have applied to the Earth with its present density

distribution, if it had been liquid and rapidly rotating. However,

the bulge splitting off is very massive: l0 - 20% of the mass of the

central body. It is usually represented as a consequence of a wave

disturbance in the form of a third order harmonic superimposed on the

triaxlal Jacobi ellipsoid, which rotates about its shortest axis. The

"neck" develops along the llne of the angles of the spherical harmonic,
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Figure 3.3. Dependence of
the specific angular momen-

tum of the planets I_/M on
their mass.

KEY: l- Jupiter; 2- Saturn;
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Earth-Moon; 6- Earth; 7-

Mars; 8- Moon; 9- Mercury;
10- Venus.

In order to split off, the massive bulge I

must extend to a distance exceeding the

Roche limit. The tidal stability of

the newly formed "drop" is unclear.

Along with the problem of the ejection

of excess mass (about l0 lunar masses)

there remains the problem of the re-

lease of the excess angular momentum,

which exceeds the momentum of the Earth-

Moon system by more than 3 times.

Actually, for a total momentum of

the Earth-Moon system exceeding the

present value by 3 or 4 times, the spec-

ific angular momentum of the protoearth

(i.e., the value of He/M o) would have been

no less than 2 • 10_ 4 rad'cm2/sec, which

would have strongly segregated the Earth

from all the planets, for which is observed a certain empirical dependence

between the mass and specific momentum [39] (Figure 3.3). According to

this dependence, the 6peciflc momentum of the protoearth could not have

exceeded 2 • l013 rad'cm2/sec.

Moreover, the formation of a disc or the splitting off of a pear-

shaped bulge in the plane of the equator of the central body results

naturally from rotational instability. However, calculations of the

tidal evolution show that at no time in the past was the lunar orbit

coplanar with the terrestrial equator•

The hypothesis of the splitting off of the Moon from the Earth,

based on similar mechanics, was considered in works [30, 31, 46, 47].

Attempts have also been made to find a source of energy for the

separation of the Moon from the Earth. Bullen [48] relates the split-

ting off of the Moon from the mantle of the Earth with an assumed

instantaneous phase transition of the silicate material of the ter-

restrial core into the metallic state (this hypothesis has not yet

been verified experimentally). Under certain assumptions about the
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physics of the transition, it must be accompanied by the instantaneous

release of tremendous energy - 3 ' 1038 ergs. Such energy would have

been overly sufficient for the splitting off and conveyance of the

Moon from the surface of the Earth to its present distance. However,

Bullen generally ignores the mechanics of rotation. Moreover, this

energy could not have communicated the required angular momentum to the

ejected mass and placed •it into a circular orbit. We have already men-

tioned in the second chapter that the lunar orbit has been close to

circular both at present and in the past.

In spite of the many difficulties with the hypothesis of the

splitting off of the Moon from the Earth, attempts have continued until

recently to revive it in varied form. The strangest application of the

mechanics of rotating masses is the hypothesis of Lyttieton about the

origin of the Moon, which was expressed by him in the article [49].

Lyttleton had previously given in his book [44] a valid critical ana-

lysis of the mathematical errors and ambiguities, which were present

in the hypotheses about the formation of double stars by the division

of rotating liquid masses. Now Lyttleton, in turning to the Earth-

Moon system, indicates the impossibility of the separation of a single

rotating mass into two bodies with a relative mass of the components

of _I:i, as for the Earth and Moon. He proposes a "corrected" version

of the splitting off hypothesis. In this version, the original liquid

mass divides with therotational instability into the planets Earth

and Mars with a rati_ of the components i0:I. From the "neck" between

these masses is colle_ted a spherical "drop" - the future Moon, which

falls in some obscure manner into a circumterrestrial orbit, while

Mars and the Earth occupy their proper place in the solar system. The

hypothesis of Lyttleton is completel_ unconvincing from the point of

view of celestial mechanics: the orbits of the Earth and Mars are

almost circular, they intersect nowhere, nothing indicates their sep-

aration from a single mass.

The idea that the Earth and Moon were completely molten at some

time is inconsistent with the geophysics and physics of the Moon.

The Earth would then have stratified and tectonic motions would have

ceased, it would have become "tectonically dead" [50], which is not the

actual case. _ The same could be said about the planet Mars, where there
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is undoubtedly tectonic activity [51]. The Moon, although close to a

state of "tectonic rest" at present, also could not have been completely

molten at some time, because its basalts neither in age nor in chemical

composition could be products of a single magmatic source (cf. Chapter I).

The close similarity of the average density of the Moon (3.34

gm/cm 3) and the density of the rocks of the upper mantle of the Earth

(3.3 - 3.5 gm/cm 3) is usually the cause for the revival of the hypo-

thesis of the splitting off of the Moon from the Earth. This coincidence

is not random. Enormous areas on the surface of the Moon are filled

with basalts similar in type to the terrestrial, and at depths of tens

of kilometers there are probably rocks similar to the ultrabasic rocks

of the mantle of the Earth; the velocity of seismic waves indicates

this (cf. Chapter 1). However, the differences in chemical composition

of the lunar and terrestrial basalts are such that they could not have

been the products of the same thermal and chemical evolution, as would

have been if the Moon were a piece of the mantle, having split off after

the formation of the terrestrial core. Firstly, these differences are

revealed in the content of low-melting (volatile) substances (cf. Figure

1.9), in which the Moon is greatly depleted as compared to terrestrial

rocks. The depletion evidently occurred even before the accumulation

of the Moon. It is difficult to imagine the loss of such heavy ele-

ments as Pb, Bi, T1 (atomic mass of _ 200) from the surface of an al-

ready formed moon. Even if under forces of increased volatility, the

atoms of these elements were evaporated from molten parts of the lunar

surface, hhen because _of the large mass they would have to have set-

tled rapidly again somewhere on the surface of the Moon, and not es-

caped into space. A_d of course, it is not possible to explain by any

selective dissipation from the surface of the Moon the enrichment of

its rocks with high-melting elements Ti, Hf, Y, Sc, Zr, etc.

Secondly, the differences of the lunar rocks from the terrestrial
I

appear in the ratios of the Slderophylic elements, which in geochemical

processes are like satellites of iron (Co, Ni, Pt, It, Os, Re, Pd, Rh,

Ru, Au). Gold in lunar basalts, for example, is 10 2. times less than

in terrestrial, and the other siderophylic elements compose lunar rocks

in "nonterrestrial" proportions (cf. Figure 1.8). If the composition

of the Moon were already formed in the interior of the mantle of the
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Earth, when the iron accumulated in the terrestrial core, then the

content of siderophylic elements in the Moon and the terrestrial mantle

would have been the same. The great differences in the relative com-

positions of these elements ihdicates the dissimilarity of the chemical

evolution of the Moon and the mantle of the Earth.

We see that neither the mechanics of rotating masses, nor study

of the tidal evolution of the Earth-Moon system, nor data about the

chemical composition of the Moon verify the hypothesis of the splitting

off of the Moon from the Earth. It represents only a certain histori-

cal interest.

3.3. Capture of the Already Existing Moon by the Earth

The hypothesis of Urey and its lo_ic. Proposals about the capture

of the Moon by the Earth [52] are constructed on purely chemical ar-

guments. They arose in connection with the difficulty in explaining

the formation of these bodies from a single supply zone, since in this

case, according to Urey, the Earth and Moon would have had identical

chemical composition.

Ideas abo@t the chemical composition of the Moon were constructed

in the 40's and 50's _nly from data about its average density. The

observed average density of the Moon equals 3.34 gm/cm3; referring to

standard temperature and pressure it would be B.B8 - 3.41 gm/cm3o

These values of densihy are still significantly lower than the values

of 3.5 - 3.7 gm/cm 3, typical for chondrites, which at the beginning

of the 50's were considered the prototype, of the nonvolatile fraction

of the preplanetary material. The carbonaceous chondrites are now

considered the more likely prototype.

The cause of the differences in density of the Moon and chondrites, /80

according to Urey, must be the relative depletion of iron in the Moon:

II - 14% by weight as compared to 22 - 29% by weight in chondrites.

Another possibility would be the enrichment of volatile components

in the Moon for an equal iron content. If one attributes to the Moon

the average content of themost Iron-depleted chondrites (the so-called

LL-group), one wouid have to add about 10% by welght graphite or 2-3%
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by weight water. But Urey already considered it more correct to start

from the differences in the iron content. The Moon was much more de-

ficient in iron than the chondrites, Mars (28% iron, according to

Urey), and the Earth with an iron core (28% iron, according to Urey, and

up to 35%, according to modern estimates). The hypothesis of Ramsey

about the silicate composition of the terrestrial core would have only

brought the composition of the Moon closer to the composition of the

Earth, but all the same the terrestrial planets would have differed

in composition, if one takes into accouht that Mercury is the richest

in iron, while Venus contains no less than the Earth with an iron core.

Thus, the Moon appeared to be a "strange" object both with respect

to the terrestrial planets and with respect to the asteroids, which

are the precursors of meteorites. At that time (the beginning of the

1950's) the amount of iron in the nonvolatile fraction of the material

of the Sun was evaluated as 6% at most with a probable error of appro-

ximately 2 times, i.e., it was significantly less than in meteorites.

Urey reached the conclusion that the Moon is closest of all to the Sun

according to the amount of iron. Hence, the conclusion followed that

the Moon was first formed as an object of solar composition, i.e., it

included more than 99% of H, He, C, N, 0 and only less than 1% of all

the other elements. Such an object must have had by necessity a sig-

1028 ,nificant mass: 2.2 " gin, i.e.,_ 3 or 4 times more massive than

the Earth.

In the same year', Urey proposed a cosmogonic hypothesis, according

to which there were the conditions for a gravitatlonal instability in

the preplanetary cloud with a mass greater than 1/3 of the mass of

the Sun, and this led to the disintegration of the cloud onto indivi-

dual objects with mass a hundred times greater than the Moon. The

typical mass of the primary obSects in the zone between the ring of the

asteroids and Jupiter was Just 2.2 • l028 gm. Urey called them "moon-

llke" objects. According to his assumption, these bodies collided with

each other, lost the volatile components and were converted into objects

of stony composition. At this stage of collis_ons,'one of the "moon-

like" bodies was captured into a clrcumterrestrial orbit in some un-

defined manner.
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The difficulties of this concept are obvious. It is very diffi-

cult to imagine (even with consideration of mutual collisions) that

an object with a mass intermediate between the mass of Earth and Uranus,

i.e., a rather massive planet, could lose the volatile components and

be converted into a Moon-like object (in the direct sense, and not in

the sense of Urey). The sorting of gases from a self-gravitational body

is a process, extremely slow and ineffecti.ve on cosmogonic time scales,

as was shown by I.S. Shklovskly [533 and Opik K54]. one can find a

statement in a later work of _ Urey, which indicates that he understands

the difficulties with the dissipation of the volatile elements from the

primary objects: "It could be that I am lazy, but Mother Nature is

not lazy; but I prefer the loss of gases up _ to the formation of
q

strong gravitational fields" [55S. The subsequent fate of the great

number of remaining primary objects is also unclear in the model of

Urey.

iV There remains to be added that present re-evaluations of the iron

content in the Sun toward an increase by several times (up to ? times)

eliminated one of the important arguments from the hypothesis of Urey:

the assumed peculiar closeness of the composition of the Moon to the

composition of the Sun.

A second, and no lesser, difficulty is related to the mechanics

of capture of a Moon-like body into a circumterrestrial orbit. Let

us consider this problem in more detail, following [56]. Urey himself

does not indicate a s_ecific scheme for capture; however, one may think

that it is in the form of gravitational capture. The formulation of

the problem about "the capture of a "moon-like object" by the Earth

in the original sense of Urey is unacceptable. In having a mass of

3 or 4 times greater than the mass of the Earth, such an object with

capture would have become the central body itself, or merged with

the Earth into a single mass.

Let us consider the probability of capture by the Earth of the

Moon in its present form. Such a capture can be accomplished in prin-

clple with the approach of three bodies: the growing Earth and two

bodies similar in mass to the Moon. The approach of the two "moons"

must have taken place within the gravitational sphere of Hill, surrounding
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the Earth*, and the relative distance of the "moons" for the transition

of one of them into circumterrestrial orbit must not have exceeded their

"gravitational" radius. The latter is defined as the "target" distance,

at which the velocity vector of one of the bodies turns by an angle

the order of w/2. The dispersion of the velocities of the preplanetary

bodies within the zone of the Earth was determined by the perturbations

of the largest body - the growing Earth - and was the order of v--_G_-/_,

where m and r are the mass and radius of the Earth and B _ 3 is a numer-

ical factor [7]. Even for _res/2 the dispersion of velocities of bodies

within the zone Is 3 - 4 km/sec and thusly exceeds the parabolic velocity

at the surface of the moon-like body (for the Moon this velocity is

2.4 km/sec). If it Is also taken into account that, according to the

assumption of Urey, the Moon came from somewhere in the belt of the

asteroids, then it must have had a geocentric velocity "at infinity"

the order of i0 km/sec; i.e., the encounter of the two "Moons" must

have occurred with a relative velocity necessarily greater than the

parabolic velocity at their surface. Under these conditions, the gravi-

tational radius of the bodies Is less than their geometric radius.

Gravitational capture into an almost circular orbit is then accomplished

only under very special conditions of approach. Hence, it follows

that the probability of capture of a finished Moon was less than the

probability of its collision with a body similar to it.

/B__g2

We will show that the probability of one such collision over the

entire time of growth of the Earth was less than 10 -2 even if all the

preplanetary bodies I_ the zone of the Earth were of lunar dimensions

and each of them could have become the present Moon. The probability

of capture of a body coming in from outside the zone of the Earth was
%

even less.

Actually, the number of collisions of bodies of dimensions ai per

unit volume per second is 2n2_a_,__ where n = p/m i and all ai and m i

are the same. The spatial density p is determined by the amount of mater-

ial not yet scooped up by the Earth in its supply zone, i.e., Mpres - m

* The gravitational sphere of Hill is defined as the maximum closed sur-

face, within which stable (according to Hill) motion of the satellites

of s Planet is possible. Its radius is approximately _k_. Here

._?:and iMel are the distance from the Sun and Its mass (cf. Chapter 4).

92



and the volume of this zone. We take the ordinary boundaries of the

zone from 0.8 to 1.3 AU; the uniform thickness of the zone H = _/2vcf!

and Vc is the circular heliocentric velocity at this distance: ,,=_GM_

Hence :

._2_'res--m) "c!,p_ = :• (3.3)
3._._,

The number of collisions per second in the Hill sphere equals:

,LV - 2 2--_-t_._vi_ '_ '"
-dT: ,,_ _" (3.4)

By dividing dN/dt by the rate of increase in mass of the Earth (ac-

cording to [73, din�dr--2_/'G-S_/i_r_-(!_ 2o)pr4 cf. Chapter 4), we obtain the

total number of collisions of bodies of dimension ai over the time of

growth of the mass of the Earth from m 0 to _res :
.... _ ___ ....

'6 is the average den-where 6i is the average density of the bodies, ,_e

sity of the Earth. For ai = 1000 km (Moon-like size) and mass Mpres =

6 • l027 gm, the number of collisions, independent of the initial mass

of the Earth m0, is less than l0 -3. Thus:

- ,',< m :_', (3.6)

i.e., over the entire time of growth of the "Earth?, one single collision

in its sphere of influence of Mo0n-like bodies, under the maximizing

conditions that all the preplanetary bodies were identical and com-
i

parable in mass to the Moon, could have been accomplished with a pro-

bability less than 0.1%. The probability of a purely gravitational
L

capture into circular orbit 6f the Moon coming from the belt of the

asteroids is several orders of magnitude less. ,.

/83

If one keeps the simplifying assumption that the dimension of all

the particles in the supply zone of the Earth are the same, i.e., ai =

const, then Formula (3.5) is a clear illustration of the fact that

the frequency of collisions of particles near the Earth increases with

their decreasing dimension ai:

This simple relation indicates how much simpler it is to capture the

Moon "by parts" than as a whole. Exactly the same is also valid for

various dimensions of the particles. The model of the formation of the
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Moon from a circumterrestrial swarm is based on Just this principle.

A detailed discussion of this model is given in Chapters 4 and 5.

"D

Hypotheses about the cap_ture of the Moon by the Earth on the basis

of calculations of the tidal evolution of the Earth-Moon system. The

hypothesis about the capture of the Moon by the Earth, supposedly based

on calculations of the tidal evolution of the lunar orbit, has become

widely known thanks to Alfven [57], who stated it in qualitative form.

The idea of this hypothesis consists of the Moon moving indepen-

dently of the Earth around the Sun and being captured by the Earth into

an extremely elongated orbit greatly inclined to the equator, which

then because of tidal friction became a close circular orbit with a

radius equaling the Roche limit of 2.89 R®. The Moon then experienced

partial disruption because of the tidal forces of the Earth. One part

of the fragments later fell again to the Moon forming the maria and

craters, and the other fell onto the Earth forming the terrestrial

crust. Further tidal evolution of the lunar orbit permitted the Moon

to withdraw to the present distance. The hypothesis that the terres-

trial crust was "dumped from the Moon," and not separated from the in-

terior of the Earth by differentiation, contradicts the data of geo-

physics and geochemistry, and it is impossible to take it seriously.

However, the surprising evolution of the orbit of the Moon was actu-

ally borrowed by Alfven from the calculations of the German astronomer

Gerstenkorn [58], although the capture of the Moon itself did not fol-

low from this work, ahd the partial disruption at the Roche limit was

not specified at all, since the calculation was performed for a con-

stant mass of the Moon.

The work of Gerstenkorn of 1955 [58] was the first attempt to inves-

tigate the tidal history of the Earth-Moon system after the classical

works of Darwin at the end of the 19th century. It attracted atten-

tion thanks to the hypothesis of Alfven and became very popular. Both

the numerical conclusions from this work as well as the concept of

capture were then disputed in print [39, 59 - 63], but Gerstenkorn in-

sisted on its correctness [64], and only in 1968 did he acknowledge

errors in several of his estimates [65]. A work of Gerstenkorn [66]

was published in 1969, in which the formulation of the problem was
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Figure 3.4. Dependence of
the time t and the charac-

teristics 6f the lunar orbit

a, a and n on the parameter
T.

changed (complicated). Its numerical

results significantly differ from the

results of work [58], making the capture

of the Moon even less likely.

Discussion in print of the hypothe-

sis of the capture of the Moon with

references to Gerstenkorn was so wide

that it would be difficult to give a

complete bibliography of all these pub-

lications. The capture of the Moon was

even sometimes called the "Gerstenkorn

event" [67] and all possible geological

and even paleontological consequences were

considered. The work of Mac Donald [39]

contained a criticism of the capture

/8_d

according to Gerstenkorn and introduced his own concept about the ori-

gin of the Moon from several protomoons at a distance of (30-40) Re

from the Earth. Nonetheless, evidence in favor of the results of

Gerstenkorn [58]* were found even in this work of Mac Donald. These

calculations are now of purely historical interest. They played a

role of no small importance in stimulating a whole series of new in-

vestigations.

The results of the calculations of Gerstenkorn [58] are presented

in Figure 3.4, where the parameter _ plays the role of time. The curve

for a(T) consists of two branches: the branch of approach (I) to ami n

and the branch of withdrawal (II). It is noteworthy that ami n coincided

here with the Roche limit equalling 2.89 R for a liquid satellite with

the density of the Moon. The orbit of the Moon on the branch of ap-

proach is greatly inclined to the equator (c > 45°); at first this is

a parabolic orbit (e_l) with retrograde motion and with a perigee of

26.1 R. Extension of the calculations into the past for T < 1.06 was

evidently considered at the time by Gerstenkorn as pure formalism,

confirming the fact that the orbit of the Moon only touched the danger-

ous distance, but did not come inside it. In the work, he called the

* Work [58] is discussed in detail in Russian in [68, 69].
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interval from the present time to the time of closest approach, the,

"past night up to the initial distance."

However, real significance was later ascribed to the portion of

the curve formally preceding amin, and it became considered as the

branch of the tidal evolution following after the time of capture [57]

In recent years, such opinions can be encountered in the works of

Singer [70].

The concept of capture on the basis of similar calculations is

vulnerable for the following reasons.

?

I. The separation of the evolution curve a(t) into two branches

and its singularity at the point ami n are a typical feature of the

evolution of a circular or nearly circular orbit of a point satellite,

which has a finite inclination E to the equatorial plane of the planet,

in the two-body problem. We have already noted in Chapter 2 that for

an inclined orbit ami n plays the role of a limit of the tidal evolution,

but, in contrast to ami n for a coplanar satellite for which the rota-

tion of the satellite is synchronous and stable, revolution at ami n is

unstable for a ¥ 0. The disappearance of the difference(_ cos e - _),

where _ cos e is the component of the angular velocity of the planet

parallel to the axis of the Satellite orbit (the axis X311 h), denotes

the cessation of the transfer of momentum in the plane of the satel-

lite orbit, and hence the disappearance of da/dt, but with the mainte-

nance of the transfer' of momentumin the perpendicular direction (the c

component of the torque related to _ sin E), i.e., for dn/dt i# 0 and

de/dt # 0. The angle n between the plane of the satellite orbit and

the plane perpendicular to the invariant momentum vector of the system _

then changes according to the formula of Mac Donald [43]:

_ _ _ i _ -- [sin_B(q)l/[2a(cos_--a)F(q)], i (3.7)
4 !

where : _............

a --=:_.,,'_, q = [sin'_/(! A- a' -- 2ct cos _)1"',

B(q) _ _, IF(q) -- F(q)] -t- F(q),

F(q) Is the complete elliptic integral of first kind, E(q) is that of

the second kind. At the point cos a - _ - 0, dn/da = ®, the orientation
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of the satellite orbit experiences an abrupt change and the value of

da/dt changes sign: withdrawal changes into approach. (Such behavior

could be attributed in principle to any .satellite-planet system, and

not only the Earth-Moon system, if the effect of solar tides and solar

precession can be neglected.)

The accuracy of the numerical calculations is not great here. The

dlffePent accounting for the finite eccentricity of the lunar orbit,

the properties of the Moon a,s an object and not as a material point,

or the differences in the values of ami n and E, or even a difference

in the technique for calculation can give significant differences in the

behavior of the "incoming" curve. This is illustrated by comparing

the results of Gerstenkorn [58] and Mac Donald [393, who calculated the

"incoming branch" of the tidal evolution under similar physical assump-

tions (although he then stated reasons against its reality). The num-

erical values for c of Mac Donald differed from that of Gerstenkorn

by l0 degrees. If one speaks about the capture of the Moon, then the

"initial" orbit of Mac Donald is obtained not with retrograde motion,

but only with a large inclination to the equator (about 33 °) and a

perigee distance of not 26.1 R, but 2.78 R.

'F I.,.
O/ I i "

.t In JC 50 70 o/_

Figure 3.5. Dependence of the inclination angle of the lunar orbit
•to the terrestrial equator on the Earth-Moon distance from the data

of various authors: I-- Mac Donald [39]; 2-- Sorokin _ [59]; 3 --"
Gerstenkorn [58]; 4-- Goldreich [41].
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By using very small perigee distances and large (up to 0.5 - 0.6)

values of e, Singer K70S obtained an "incoming" branch with E < 45 °,

i.e. an orbit with direct motion.i All this indicates how unreliable the

conclusions about the "incoming" branch of the tidal evolution of the

Earth-Moon system are.

2. To Justify a more confident evaluation of the "incoming"

branch, one should direct particular attention to the accuracy of the

calculation of the "outgoing" branch, i.e. the present branch, on which

there is only a single observed point - the present state of the Earth-

Moon system. All the investigators of the past states of the system

have used this point as an initial condition. However, the authors of

[59 - 63], while using the same physical scheme, have not confirmed the

results of Gerstenkorn with respect to E(a) for past epochs. The data

for _(a) from all the mentioned sources are plotted in Figure 3.5 on

the background of the Goldreich band for c(a). The oldest data (ac-

cording to Darwin) also fall in the Goldreich band. All the results,

except for the data of Gerstenkorn, satisfactorily agree with the re-

sults of Goidreich, whose formulation of the problem was more complete.

The discrepancy in _(a) leads to a difference in the estimate of the

distance amin, whose role is particularly great in the capture concept,

The relation of ami n and c is seen from simple relations [61]. Let

us write them out.

w

The condition of conservation of momentum of a two-body system in

a scalar form can be written in the form:

ffMm/(Mi:m))_'_+ ¢_ co_81'+ |gQsiuel,= K,. (3.8)

From Kepler's third law:

o, = [G(M + m)/a_l "t'. ! (3.9)

Setting m = fl cos c and substituting (3.9) into (3.8), we obtain an

algebraic equation with respect to a:

[MmG'Io/(M 4- m)'/,la'/, 4- CIG(M 4- m)l'i,a-'1, = IK' --:

-- (C_ sin e)'l'/'. (3. i0 )

Its roots are ami n and ama x. Only the first is of interest. Substi-
-4

tuting into (3.10) the value fl at the point ami n, which is 3.5 " i0

CGS according to the data of [39, 58], 59], and considering the increase

of C by 5-8_ corresponding to faster rotation, we obtain for c = 45 ° , 7

187
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(according to Gerstenkorn) [58] ami n = 2.89 R, and for e = I0 - 12 °

(according to the data of [39, 59, 7_) ami n = 2.42 - 2.44 R. Consider-

ationof the solar tides changes the Value of ami n only slightly: ac-

cording to Gerstenkor% it would have been 2.86 R, according to Sorokin -'_
____ __J

=2.40R. Mac Donald estimated ami n = (2.78 - 2.72) R in work [39] and

2.50 R in a refined calculation [71], where the term Pe of the tidal

potential was also taken into account along with the term P2" These

values are all somewhat greater than those found from formula (3.10),

which can be considered as the standard. In 1968 Gerstenkorn [65]

acknowledged that "inaccuracy slipped into" his previous calculation

[58] and that after correction one should assume c _ I0 o, ami n - 2.50 R.

Thus, after the refinements it was found that the distance of

closest approach for the circular two-body problem (and probably also

with consideration of the effect of a third body - the Sun) lies

inside the Roche limit (2.89 R) for a liquid satellite with the den-

sity of the Moon. Consideration of cohesive forces in the solid Moon

must somewhat decrease this limit.

By making use of the equations of Jeffreys K72] for the tidal

"stability of a small satellite and taking his critical value for the

difference of the principal stresses Ap 0 = l09 dyne/cm 2, one can

evaluate the Roche limit for a completely solid Moon as 2.80-2.81 R

[613. For ami n = _2.40 - 2.50) R the tidal stresses in the Moon will

be approximately 2 times greater than the critical. We emphasize

that ami n should be cbnsidered as the minimum distance not for a single

approach, but over the tidal time scale (cf. Chapter 2.3). Hence, the

conclusion follows that the capture concept with a parabolic orbit

requires the revolution of the Moon over the course of many (>103) re-

volutions closer than the limit, where it must be disrupted by the

tidal forces of the Earth. And if the violation of the integrity of

the Moon is unavoidable, then the Junction of the "incoming" branch with

the "outgoing" branch at the point ami n loses all meaning, since this

is possible only for a single point mass.

18 s

3. However, the greatest difficulty of the capture concept is

not only in the imprecision of the "branches '' of the curves or even

in the value of ami n. In the final analysis, if there had existed an
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effective capture mechanism with a single passage about the Earth,

then a large body with the mass of the Moon could have been captured,

drawn into the Roche limit, broken up into fragments (for example,

into a thousand pieces, as was assumed by Oplk [27]), and then col-

lected again into the Moon, since the fragments, in withdrawing in-

dependently from the Earth, could move beyond the Roche limit and

again combine. But it is the gravitational capture of the Moon as a

whole, which represents the greatest difficulty. We have shown above

the inefficiency of such capture because of collisions at the stage

of the existence of preplanetary bodies. Let us now discuss the

role of tidal friction.

If one turns to the first work of Oerstenkorn [58], then one can

calculate the tidal change in the orbital parameters a and e with one

passage of the Moon from "infinity" to a given perigee so that its

orbit be converted into an ellipse in the geocentric system, by making

use of equations of the type (2.32). It is found that for a perigee

distance of 26.1 R for e 0 = l, the decrease in e due to tidal friction

in the Earth is l0 orders of magnitude less than that required for cap-

ture, and at 2.8 R is 5 orders of magnitude smaller [68]. Thus, tidal

friction in the Earth only is extremely ineffective.

The work of Gerstenkorn _of 1969 [66] is devoted to finding condi-

tions for which the capture of the Moon is possible nonetheless. The

basic change in the formulation of the problem, as compared to the first

work, is conslderatioh of tidal friction in the Moon itself, which, as

we have seen before (cf. Chapter 2.3), can have a significant effect

on the eccentriclty of its orbit_ if the dissipation of energy in the

Moon is large. A numerical approach to the problem is also applied

here. The initial conditions were not taken at present, but at an

earlier epoch, when the Moon was at a distance of l0 R. This was done

in order that the precession of the lunar orbit under the effect of

the forces of the Sun could be neglected and to consider the two-body

problem.

The new results show that the capture of the Moon could have taken

place, if the dissipation of tidal energy in the Moon would have been

6 times greater than in the Eart_Q_i Qo_6, and if the Moon had approached
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the Earth several times so that the distance between the centers of

both bodies at the perigee of the orbit was _1.4 - 1.6) R. These con-

ditions imply that, firstly, the Moon must have been all in a semimolten

state, otherwise such low Q¢ are impossible. Secondly, it must have
been deformed into ah extremely extended body (as also the Earth), so

that at perigee they both must have been touching surfaces. Gersten-
korn points out that the passage of the Moon inside the Roche limit

lasts at most about one hour each time, and thus the disruption cannot

occur because of insufficient time. However, one can object that the
fundamental period of the natural spheroidal oscillations fdr the Moon

is at most 15 minutes [73], and thus the time for the disruption of

the Moon is quite sufficient. Thus, capture of the Moon as a whole

is unlikely. Kaula [28J also refers to the capture hypothesis as im-

probable by its very essence("Inherently improbable").

The "new wave" of hypothese.s on. th.e capture of a finished Moon.

Recently, in connection with the observed relative enrichment of the

Moon with high-melting aluminum and calcium silicates and also in

connection with its depletion in iron and volatile elements, a new

wave of hypotheses about the capture of the Moon has arisen E70, 74 - 77].

From the assumption about the difference in the p, T-condltions for

condensation, and then the accumulation of the material of the Moon

and terrestrial material, the conclusion was reached that the Moon was

formed far away from where it is now. Thus, the logic of the hypo-

thesis expressed by Urey is again being applied. Kaula and Harris have

written ironically abbut this: "... The philosophy is evidently such

that the prohibitions of celestial mechanics are more vulnerable than

the prohibitlons oT thermochemistry, since in c_estlal mechanics one

usually considers a smaller number of bodies" [783.

It is appropriate to present here the counter arguments against

the capture of a finished Moon, which were expressed in work [78],

'since it eontalns a direct comparison of the effectiveness of capture

by collisions with capture with the help of tidal dissipation of energy.

Let Us evaluate the dissipation of energy because of tidal fric-

tion with one approach of the Moon to the Earth (such is the require-

ment of the hypotheses of [70, 74 - 77], the most difficult to satisfy).
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For a given dissipation factor I/QIg]and perigee rp, the dissipation of
_ |

energy with one passage on a greatly elongated orbit due to tidal fric-

tion can be easily evaluated [79], since it is consumed primarily in
i

the radial tides in the Moon. For a homogeneous Moon moving from some

distance up to perigee: .... ,

• +Iti

over volume

,I ,.over surface

2_//7C 4n_.la c.,,ll_- C r' P,o(O) x
r p " , •

!| -t A.)_;Ul¢_. :._h (I _- A.)#' a It-' ( 3.11 )I'..o(o)dO dr:.
_" r 3 |0 Q _ rp

where h, k are the Love numbers approximately equalling 0.033 and 0.020

for the present Moon [80]; Rlglis the radius of the Moon; M is the mass

of the Earth; U is the gravitational potential of the Earth; T is the

potential of the tidal deformation; u i is the radial shift of the sur-

face of the Moon; 0 is its density; g is the gravitational acceleration

at its surface. By taking QI_I= l0 and the minimum rp = 1.5 R in accor-

dance with work [66], we obtain from Equatlon (3.11) per passage:

_!." = 0.5.10:,_ erg (3.12)

We note that AE is inversely proportional to the sixth power of the
Q

perigee distance rp. Thus, the assumption of rp = 1.5 R by Gerstenkorn

leads to a maximum estimate of AE. We have already noted the weakness

of the concept [66] in connection with the disruption of the Moon at

such close distances.' It is interesting to compare the obtained value

of AE with the energy loss with collision.

/_22

For the collision of the Moon of mass m and velocfty v with another

body of mass m' and Velocity v' directed counter to v, we have the

relations :

AE=I_! lint ,*+t m't ''+ -- (m + m') v,21, ( 3.13 )

m_-- re'z,' (m-t m')ro. / (3.14)

By substituting v 0 from (3.14) into (3.13) and taking v = l0 km/sec

and v' = 7 km/sec, we find the energy loss AE for collision, which equals

0.5 • 1033 _rgs for m' = 1.4 ' l021 gm. Thus, it is sufficient for

the Moon to collide with a body of at most 2 • 10 -5 of its mass (radius
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of _ 50 km) such that this glves a more effective dissipation of energy

than tidal friction.

@

It should be noted that for an actual capture of the finished

Moon, the tidal loss of energy of AE = 0.5 • I033 ergs, found in (3.12),

for the closest approach of the Moon to the Earth is not an estimate of

the energy loss required for an actual capture of the finished Moon.

The required loss is at least 2 orders of magnitude greater.

The minimum loss of energy of the motion of the Moon for its cap-

ture by the Earth should be understood as the loss of kinetic energy of

its motion "at infinity" in the geocentric system (cf. following chapter).

Only in the unique case, when the Moon is moving in almost the same

orbit with the Earth and its geocentric velocity "at infinity" (v) is

at most 40 m/sec, would such a small energy loss AE with its approach

toward the Earth be sufficient in order that a parabolic orbit be con-

verted into an elliptical orbit. But motion •along the same orbit is

impossible without perturbations. Thus, in actuality, v® is always

much greater. In the hypotheses of [74 - 77], the assumption about

the orbit of the Moon close to the Earth does not solve the problems,

a very distant orbit is necessary at first. Thus, for example, in the

hypothesis of Cameron [75] the Moon approaches from the orbit of Mer-

cury. Then v_7.5 km/sec, AE_ 2"i037 ergs, i.e. 4 ° 104 times greater

than the clearly overestimated contribution of tidal dissipation, which

was evaluated in (3.12). Only a collision with a body Comparable in

mass could slow down the Moon for its transition to a closed geocentric

orbit. And this in turn, as was already indicated above, is practically

impossible.

Kaula and Harris [78] again emphasize the conclusion of Kaula [28]

- that the formation of a circumterrestrial swarm of bodies and particles

due to inelastic collisions close to the growing Earth, in agreement

_" h with our scheme (cf. Chapters 4 and 5), remains the most acceptable

model of the origin of the Moon from the dynamic point of view. Chem-

_ ical differentiation of material must be investigated within the frame-

work of a correct dynamic model. Kauia and Harris develop these opi-

nions in their'Dew iworks [81, 82] @
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Thus, neither the hypotheses of the splitting off of the Moon from

the Earth nor the hypotheses of the capture of a finished Moon by the

Earth are capable of overcoming the difficulties arising with the ex-

planation of the physical, mechanical' and chemical properties of the

Moon. The only acceptable scheme is the formation of the Moon in an or-

bit about the Earth during the process of growth of the Earth.
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CHAPTER 4.

FORMATION OF THE CIRCUMTERRESTRIAL ISATELLITE SWARM DURING THE

ACCUMULATION OF THE EARTH

4.1 Growth of the Earth.

The orbits of the terrestrial planets" Mercury, Venus, the Earth

and Mars - are separated from one another by very great distances,

which exceed the radii of their spheres of influence by 50 - I00 times*.

These distances aid the stability of their motions about the Sun [i],

and also the autonomy of their satellite systems. There are no reasons

to assume that the orbits of the terrestrial planets were significantly

different in the past. The tidal interactions of the planets with

the Sun is negligibly small, it could influence their distances only

after 1015 - 1022 years [2]. The ejection of bodies from the zone of

the terrestrial planets far beyond the limit of this zone is practically

excluded, since none of the planets could be an effective "ejector" for

objects close to them [3]. Thus, the surface density a and dimensions

of the supply zone in the preplanetary cloud are evaluated from the

present masses and distances of the planets.

The supply zone for the Earth can be assumed a ring with an inner

radius of about 0.8 AU and an outer radius of 1.3 AU. The value of o

for the Earth is abou_ l0 gm/cm 2. The rate of growth of a nucleus of

mass m is being formed within its zone in a circular orbit about the

Sun is:
gm
_T = _l'pv. (4.1 )

Here _Z 2 is the gravitational cross section of the growing body defined

by the formula:

(4.2)

where r is the radius of the body; ve = _ is the escape velocity

at its surface; v is the average "geocentric" velocity, i.e. the velocity

* By the sphere of influence of the planets is meant that region of

space in which it is suitable to take the planet as the central body

in calculating perturbations, and the Sun as the perturbation. The

radius of the spheres of influence of the planets Is_(.,l_fJ_, where
is the distance of the planet from the Sun. .......
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of the chaotic motions of particles superimposed on their ordered /96

motion on a Keplerian orbit with a radius of i AU; p is the spatial _

density of the particles being scooped up. The product pv, in which

both factors are variables, can be replaced by a more definite value [4]:

4_ 4_ _s_(t-m/M). (4 3)pv= p-F= _ =T

Here M is the present mass of the planet; H is the "uniform thickness"

of the disc of the dust component of the cloud in the vertical direc-

tion; a0 is the initial surface density of the cloud, its value equal-

ling a = pH; P :_2a/_gM_ _ is the period of revolution of the body

about the Sun, and v and H are related by the relations:

H = _,_, v_= V_, (4.4)_

which implies that the larger the velocity v of the chaotic motions of

the particles, the thicker the dust disc. i This velocity is deter-

mined mainly by the perturbations from the largest bodies and is

written in the form:

v =V-_-_, (4.5)

where m and r are the mass and radius of the growing nucleus, and the

numerical parameter e is usually several times unity, varying depending

on the environment in the supply zone. With the presence of gas in-

hibiting the motion of the particles, 0 reaches several times lO;

without gas and for m = 1/2 M @ _ 3 - 5 E4]. Substituting (4.2) - (4.5)

into formula (4.1), we finally obtain:

a_7/.= -_'(t + 20)= 4_ (t_ _M) r' (! + 20). ( 4 .6 )

The integration of this formula leads to the dependence reproduced

graphically in Figure'4.1. It is seen that 97-98% of the mass of the

Earth is collected over a time of about I00 million years and that

the most active stage, when the growth of mass is approximately linear

with time and at the highest rate, occupies an interval of about 40

million years. The "active" stage of growth implies physically that

the nucleus of the Earth had already reached a significant mass and at

the same time there was still sufficient preplanetary material in

the zone of the Earth. It is most natural to coordinate the formation

of the clrcumterrestrial satellite _warm, from which the Moon formed,

to this "active" stage of growth of the Earth. The following paragraphs

will be deyotled to a quantitative consideration of this problem.
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Let us turn again to formula (4.1).

In order to increase the rate of growth

of the Earth dm/dt by several orders of

magnitude, either 0v or the gravitational

cross section _2 should be increased.

Both these versions are unacceptable [5-?].

An increase of pv or, equivalently, °0

implies an increase in the amount of con-

0 q" 80
t,Million l, densed material in the zone of the Earth.

years However, if °0 would have exceeded the

value determined by the present mass of

the Earth M, then the unsolvable problem

would arise: how would the surplus mat-

Figure 4.1. Growth Inthe
mass of the Earth with time

[4].

erial in the zone of the Earth be thrown away. We have already men-

tioned that ejection would be practically impossible. The material

would have to have be combined with the Earth, and this would have

implied that the Earth be formed with a mass much greater than the

present mass. it is then _mpossible to decrease the mass of the Earth

to the required value. An increase of the gravitational cross section

_l 2 as compared to the geometric _r 2 would be formally possible in the

case of very low random velocities, i.e. v/v_<<l or, equivalently,

e>>l. A transition from the time scale of 10 8 to 10 5 years would imply

_aking e _ 10 3. However, it would seem with this that all the parti-

cles supplying the Earth would move in almost circular orbits and its

nucleus, also moving in a circular orbit, would scoop up only a very

narrow zone. In this'case, the result of accumulation would not be

the formation of planets of the type of the Earth, Venus, Mars, but

the formation of _ much larger number of small planets, whose orbits

would be arranged much closer together than the orbits Gf the present

planets. Thus, it is seen that it is impossible to vary arbitrarily

the time of growth of the Earth.

The duration of the growth of the Earth determines the initial

temperature of the Earth, i.e. the temperature from which the thermal

history proper begins. The model of the growth of the Earth due to

small bodies only, when the heat generated with collisions is instan-

taneously radiated from the surfacer provides sufficient heat for

melting the entire Earth only for a short scale (_ 10 5 years) and even
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with consideration of the energy of compression and radioactive heating

in the process of growth over l08 years gives only about 900-1000 ° at

the center of the Earth KS]. Consideration of the fall of large bodies

to the Earth leads to a higher temperature of the outer mantle and in-

dividual centers of melting even for a scale of l08 years K4J.

' L 4.2. Capture of Particles from Heliocentric Orbits into the Circumter-

Q

restrial Swarm by Inelastic Collisions.

Re_ion of existence of the satellite swarm. We take as a basis

the model of growth of the Earth discussed in Chapter 3.I. Let us

consider the case when the Earth, because of its direct growth,had sig- /98

nificantly passed in mass the other particles and bodies revolving

about the Sun in its supply zone, and at the same time when there is

still a significant amount of material not scooped up in its zone.

The capture of particles from heliocentric orbits into satellite orbits

of the Earth is conveniently considered in the framework of the plane-

bounded three-body problem. For this, we take the Sun and the growing

Earth as the finite masses, and the particles as bodies of zero mass.

We assume for simplicity that all the particles move in one plane xy.

We assume that the Earth m revolves around the Sun M® in a circular

Keplerian orbit with an angular velocity _c' and we take the coordinate

system with origin at the center of mass of Me and m, rotating uniformly

with the same angular velocity _c o Let the x axis be directed along

the line of centers of M® and m, the y axis in the perpendicular direc-

tion in the plane of the orbit (Figure 4.2), Then, in the absence of

collisions the region of motion of a small body is uniquely determined

by its position (xy) and the Jacobi constant C, having the dimensions

of energy per unit mass:
C = 2W -- _o

• (4.7)

W = + + + "W'"

Here • is the distance of the particle from the Sun, IZ its distance

from the Earthj v is the velocity of the particle in the rotating sys-

tem, or the geocentric velocity.

Depending on the constant C and the coordinates of the particle,

it could be a satellite of a Sun, satellite of the planet or have an
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Figure 4.2. Surfaces of zero

velocity in the bounded circu-

lar three-body problem.
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Figure 4.3. Form of the surfaces

of zero velocity near the Earth.

orbit encompassing both gravitational centers. These regions are

bounded by the so-called surfaces of zero velocity, which are shown

in Figure 4.2, where the region surrounding the Earth is shown magni-

fied. Under certain special conditions, other forms of motion can

also be accomplished, for example periodic orbits about the libration

centers - the singular points Li of the surfaces of zero velocity KgS.

There also exist particular cases of resonance motions, when the

period of the particle is in a simple ratio to the period of the

planet (of the type l: l, l: 2, 2: B, !3: 4, etc). In such cases

the trajectories of the particle in the rotating coordinate system

usually have the form of repeating loops located between the corres-

ponding surfaces. According to [10S, all the derivations with respect

to the surfaces of zero velocity, which are obtained in the bounded

three-body problem for empty space, are also valid for space filled /99

with diffuse matezial, only if the mass of the nucleus of the Earth

is greater than some limit. According to the estimate of V.V. Radziyevskiy

[ii], this lower limit for m is I0 -3 Mpres. We will consider the

growing Earth with a mass comparable with the present mass (in the in-

terval 0.5 - l.O _res), which is significantly greater-than the lower

ilimit of applicability of the bounded_three-b6dyp-roblem. _

The form of the surfaces of zero velocity in the nearest vicinity

of the Earth is shown in Figure 4.3, The values of the constant C are,

shown here for the present orbit of the Moon and for the limiting sur-

face of zero velocity, closed with respect to the Earth, which passes

#
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through the libration point L I. This surface has the form of an hour

glass with its neck at the point LI. The values of C are calculated in

the system of units, in which the unit of mass is the sum of the mas-

ses M®_m, the unit of distance is the distance between the centers

of Me •and m and the unit of time is the period of one revolution of

m divided by 2_. The gravitational constant then becomes equal to

unity, and the linear velocity v c of revolution of the Earth along its

orbit also equals unity. The distance of the libratlon point L I from

the Earth m equals:

........... _ " t,= {m_)':.-V,{m/a)'r.. (4 8)
/ •

with an accuracy to terms of order m, and the corresponding Jacobi

constant :
_C, "---3 -1-9(m/S)'1.--.., _ 3 + 91,'.

(4.9)

For the present mass of the Earth/,=0,01AU or, equivalently, 235 R.

The orbit of the Moon at present stands at a distance from the Earth

approximately 1/4 of the distance to It.i It has Hill stability, i.e.

in the absence of dissipative forces it could never move beyond the

closed surface of zero velocity with the constant c',c_ 3.09117. One can

assume in the plane case that the region of existence of satellite

orbits is bounded by a circle of radius _,, and in the three-dimensional

case by a sphere with the same radius (the Hill sphere, cf. footnote

on page 92)° It is true that the region of existence of stable satel-

lite orbits is somewhat smaller [12].

There is interest in calculating the values of the constants C

for those particles which are not gravitationally bound to the Earth

and describing heliocentric orbits, which can intersect theorblt of

the Earth. For eccentricities of the particle orbits e _ v/v c _

the values of C for such particles lie approximately within the range

between 3.00 and 2.80, which occupies the shaded region iII in Figure

4.4. This figure also shows the distribution of the constants C for

Earth satellites (1) and also for particles moving in circular orbits

around the Sun (II).

/lO_._oo

' Two conditions are required for capture of a particle from a helio-

centric orbit into a closed geocentric orbit: passage of a particle

at a distance_(_-jtifrom the Earth and a change (increase) of the constant
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Figure 4.4. Distribution of the constants C for particles of the pre-

planetary cloud, which could approach the Earth at a distance less

than the distance of the libration point L I.
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C to values corresponding to the values of C for satellites.

The passage of particles in the vicinity of the Earth lasts less

than one year; over this time the function W does not experience sig-

nificant changes due to the variability of (x 2 + y2) and m. The quan-

tity Z is variable, however the contribution of the change in the term

2Gm/Z is cancelled with the acceleration of the particle in the gra-

vitational field of the Earth and the increase in velocity v. The

constant C can change rapidly only due to a decrease in the value of
2

v , i.e. the kinetic energy of the particle in the coordinate system

bound to the Earth. Such a decrease of v 2 can begin only because of

a collision of the particle with one similar to itself. The increment

of the constant C will be:

AC_=--2rAr. : (4.10)

For perfectly elastic collisions, the values.of.Av equal zero on

the average arid.AT = 0.. However, we have the right to expect that

#
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collisions of stony or iron-stony particles occur inelastically, where
the velocity loss B-v has the value a_, where m_i/2.

The role of inelastic collisions in the evolution of the preplan-
etary material was first clearly reve_led in the works of O.Yu. Shmidt

[13] and L.E. Gurevich and A.I. Lebedinskiy [14]. There are much

experimental data at present on the collisions of bodies with cosmic

velocities of several kilometers per second, which verify the signi-

ficant inelasticity, of the collisions. The kinetic energy of the

particles is expended in heating, melting, evaporation, fracturing and

only partially into the ejection of fragments with residual velocities.

Thus, for inelastic collisions A_<0, B-C---_2, -i.e.A-_>0, and the

process of particle capture from heliocentric orbits into the circum-

terrestrial swarm must occur irreversibly. A numerical estimate of

A-'Ccan be made with the simplifying assumption that all particle velo-

cities v are the same and equal _; then in the selected system of

units for 8 _ B [4] and m = I/2 M :
•pres

_,, 0,5.3.10 _
_'C_ V' _ _-._ 3.Sj4._0-* _ 1,5.10-'. ( 4. ii)

This increment K_ is significantly greater than the difference between

¢c and C I, which is:

. C.C --C, = 3,00117--3,00090 = 2,7.10-*. ( 4.12 )

Thus, inelastic collisions are quite able to provide for the capture

of particles into satellite orbits, if these particles had constants C

close to CI before the collisions. At the same time, particles can

also approach the Earth with constants C _ 2.80 (cfo Figure 4.4). For

such particles, the increment A-_ _ 10 -2 is insufficient, since AC_2 • i0 -I

is required. Thus, inelastic collisions should be considered as a mech-

anism leading not to a 100%-capture of all colliding particles, but

only to the capture of a specific fraction of them. In connection with

this, it is suitable to introduce the concept of the probability of

capture for one collision.

/10__..22

Probability or capture. The distribution of the constants C in

Figure 4.4 reflects the range for particles moving within the entire

zone from which the Earth scooped up material. But the distribution
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of the constants C for particles most frequently passing through the

sphere of influence of the Earth has another form, that is a monotonic

increase up to the value C = 3.0, since particles moving in orbits

close to that of the Earth have the greatest probability of moving

close to the Earth. With an inelastic collision accompanied by an

increment AC_I0-2,- such particles are captured with a probability close

to unity. However, particle collisions can differ greatly in nature •

from each other: from head-on with oppositely directed velocities to

overtaking or only lightly grazing collisions. The differences in

masses of the colliding particles must also affect the velocity loss

of each given particle. Consequently, the value of Av must vary over

a wide range from Av = 0 to Av_v, and AC varies accordingly. The var-

iety of conditions are such here that it is difficult to describe AC

in any sort of analytic form. Thus, we will limit ourselves to those

collisions, which occur between bodies of comparable mass, and intro-

duce the concept of the probability of capture with one collision _,

which is numerically equal to the average fraction of the mass of the

initial colliding particles, which is captured into a circumterrestrial

orbit :

#= (4.13)

where A_ is the captured mass, _ and _2 are the comparable masses of

the two collldlng partlcles; HI _ a_2' where 1/2 _ a <_ 2 [15-17].

Let us consider the dependence of the probability of capture on

the distance to the Earth. The capture of particles colliding close

to the limiting Hill surface is very unlikely_ since it requires a

zero residual velocity with respect to the Earth. Capture at the pre-

sent distance of the Moon from the Earth is possible for residual velo-

cities the order of 1 km/sec and close to the surface of the present

Earth - up to ll km/sec. For a mass of the Earth equalling half the

present mass, these velocities are 0.7 and 8 km/sec respectively. One

can assume that almost every particle experiencing a collision with a

similar particle near the surface of the Earth will be captured into

the satellite swarm (or fall to the Earth). From these considerations,

the probability of capture must be close to unity at the surface of

the Earth and decrease monotonically to zero at the periphery of the

sphere of influence of the Earth. One can try to evaluate the form of
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Figure 4.5. Dependence of the

probability of capture of par-
ticles on the distance to the

Earth for 8=I/2 i - e = 5; 2 -

e = 3; 3 - e = 1.

the dependence _(_) from the residual

energy of the particles.

We assume for simplicity that all

the particles and bodies have the same

geocentric velocity "at infinity" v =

S_/er. In approaching the Earth to a /103

distance of Z, particles are accelerated

and their geocentric velocities increase

to the value:

v1= -6.+ • (4.14)

The directions of the velocities vI are random, as are the directions

of v, since the bodies approach the Earth from all sides. If one body

collides at a distance! I from the Earth with another similar to It,

then both will lose on the average a certain fraction (1 - w) of their
2

specific energy v I in the collision. These bodies or their fragments

will be captured into circumterrestrial orbits, if the remaining frac-

tion w c of the kinetic energy of the geocentric motion of the bodies

Is less than the energy _equired for escape from the gravitational

field of the Earth at the distance Z, i.e.:

/C,.. 2G,.\ .. 20,n- "
w,,v!= w, + -l-) <--'r'" ( 4.15 )

Hence, the condition for capture:

W / 20r
e-.-_, (4.16)

i.e. the allowable fraction of the remaining energy must decrease with

distance° In the range of velocltles from 1 to i0 km/sec, the relative

loss of energy with collisions evidently dies not depend significantly

on v (at least_ does not decrease' _. Considering that w is distributed

randomly for collisions and that this distribution does not depend on

'!-Z. (i.e. that w does not depend on Vl), we can conclude that the condi-

tion (4.16) is more easily satisfied for small I that for large. We

assume that the probability of capture is proportional to the right

slde of the inequality (4.16) Wllth a coefficient 8<1 and, moreover, we

introduce into p(Zi) a factor i -_/Z I, which causes p to vanish at the

boundary of the swarm. We obtain:

I p(')-- i
,
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The form of the curve of _(_)is shown in Figure 4.5 for e=1,3,5

and B=l/2. In this case, the probability of capture falls from appro-

ximately 1/2 at the surface of the Earth to zero at the boundary of

the swarm. It should be noted that, along with the capture of parti-

cles at the periphery of the swarm, ejection of particles from the

sphere of influence of the Earth is also possible with the help of

new collisions.

The concept of the probability of capture _(_) as the relative
:

fraction of mass captured with one collision of previously free parti-

cles can also be extended to the case of collisions of a free parti-

cle with a particle already captured into the swarm. Since the input

of new material here, other conditions being equal, is two times less

than for "free-free" collisions, one can take:

_.{t)= _/..s_{O, (4.18)

where Pl refers to the "free-free" collisions, and P2 to "free-bound"

collisions°

IIO____4

Amount of captured material with "free-free" collisions. The mass

of the material captured into the circumterrestrial swarm was deter-

mined by the number of mutually colliding particles and the probability

of capture. Collisions occurred over an immense range of variation of

sizes of the preplanetary particles and bodies - from bodies with di-

mensions of the largest asteroids (10 T - l0 8 cm) to the finest dust

(10 -4 - l0 -5 cm). We assume that their size distribution (outside the

swarm) was described by a power law:

a_,(a) = B,a-',,_. ( 4.19 )

The distribution o'f many ensembles existing now, for example, asteroids

and meterorites, and also bodies, which at one time formed the lunar

and Martian craters, can be represented in this form° Because of the

random velocities, collisions of particles with any size ratio must

occur. But not ail_ even completely inelastic collisions can lead to

a Sufficient retardation of the particle. For example, a body of as-

teroid dimensions d6es not lose its velocity in colliding with dust.

Thus, we simply will not consider collisions of large bodies with small,

since they cannot lead to capture of these bodies into the satellite

swarm. As for the small particles, their collisions with large bodies

lead to capture, if the large _body belongs to the swarm, and to removal
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from the swarm in the other case. However, collisions of small parti-

cles with large bodies occur comparatively more rarely than with small;

thus, we can completely neglect the first case as compared to the

second. We will take into account only those collisions which occur

• between particles of comparable mass, or equivalently, comparable

sizes, say, for particles of radii a - only collisions with particles

from a - Aa to a + Aa, where:

a==_. =<l. (4.20)

By assuming that the masses of particles must not differ by: more than

2, we obtain a _ 1/4 - i/5. The total mass E1 of all particles and

bodies experiencing such collisions per unit volume per unit time is

determined by the integral:

/10.__.55

where 6 s is the density of particles. The constant B I is determined

from the normalization condition:
8Mnl

' S " ,,,,-,,,-,,,-.,,, (422)/.. p== B,r-",P a#,M _ _._ a_. ,-m.. -=,,.,"

Here PI is the spatial density of material in the supply zone of the

Earth. Hence :

B, = .'Jr,,(._-- ,,J
_._(.,-_ _ -=,0,"-"" ( 4 .2 3 )

Q

By integrating (4o21) with consideration of (4.23), we find:

_?-t'_.= 'O-I_ i
S ;,pl =(4",,)' "too, --=rots _ i

{" qi_ = T T (_ -- 2n' i kfill'41--1rll'| *t'l_'l_ll_l' r

. I v-max _-rnln t : ._]

(For n ¥ 3,5 and 4.0), For n I = 3.5: ?

_*" '_' 3 ;P_ =(4-- ".I)'In (am,,/aml,_
' _ = -6"_, ,..,,_,,, a,__,, ,', ( 4.25)

and for n I = 4:

(4.24)

_?-i_, .?-S"iS ;P_ = =,.,-,--=m,.
_'= T _ _ i.(.m.=l_m,n)" (4.26 )

We denote by aef f the factor with dimensions of length, which depends

on the function of the size distribution of particles:

t.4-'nl .4-_%l -

T- s., ,-=.,, -,',.,.. ( 4.27 )
%-ml; ---BIB •

_In the cases n I = 3.5 or 4.0_ logarithms appear in this expression;

cf. (4.25) and (4.26)];.I Since areax >> amln, aef f can be expressed to
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a good approximation in the form:

nl . . . 360 3,5
44mlbl {

' %f_. • @ma._ ln(.,na./aml.)

3.'/5 4.0

V . . emilemax amlnllfl,,
amln

In general, for n I _ 3.5 the quantity aef f is determined by the maximum

size of the particles, and for n I _ 4.0 by the minimum, in the inter-

val 3 5. < n I < 4.0 by a combination of the form amaxZ amin,l-z where z < 1.

The value of aef f is an important characteristic, since it determines

the total mass of material _f the particles experi@ncing collisions with

similar particles:

;p_. i (4.28)

/lO.__..66

The flux of mass of material Pl captured into the swarm equals

the mass Z1 multiplied by the probability of capture Pl:

;
= _'_" (4.29)

Formula (4.29) gives us the flux of material into the satellite swarm

per unit volume per unit time due to collisions of previously free

particles. The same expression is obtained, if one considers not only

collisions in the interval of comparability a + Aa, but also all other

collisions, by setting their probability of capture equal to zero.

Change of the particle size distribution function with their cap_

_ture into the swarm. Let us consider how the particle size distribution

law changes with their entry into the swarm. We first assume that there

is no fractionation of particles, then the number of particles dN2(a)

with radii in the interval from a to a + da will be supplied only by

their collisions with particles of radii from a to a + Aa:

a_v,(a)= _/,_ (2_)'_v,(,) _'_ (a). (4.3o)

Substituting the expression for dNl(a) from (4.16), we obtain:

dN,(a) = I/,_ (2a)'S_a-'_A,d.. (4.31)

Since Aa _ a, we have the new size distribution in the form:

! &v,(.)= B_-",_,,. (4.S2)

where B 2 does not depend on a, and the new exponent is:

i ", = 2_ --.S. (4.33)
....... / .
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Consequently, capture into the swarm due to "free-free" collisions

leads to an increase of the exponent of the inverse power law (4.19)

The values of n I transform into the following values offor n I > 3.

n2:

at. • • 2 2,5 S 3,5 3,75
at. • • • t 2 S 4,.0 4,5

The distribution of the form (4.19)with an exponent n I = 3.5 [4,18]

was evidently the most typical at the stage of preplanetary bodies.

The study of the asymptotic behavior of large ensembles of solid bodies

with consideration of their coagulation and fractionation leads to

this. For such a distribution, the main mass is concentrated in the /10T

large bodies, and the total surface area is greater for the small frac-

tion. For n I m 3.5, the change caused by capture without fractionation

leads to a distribution with an exponent n 2 = 4. This implies a selec-

tion in the swarm of the small component of interplanetary particles and

the subsequent relative increase of the total surface area of the small

fraction. This selection has practically no effect on the distribution

of particles over the entire zone of the Earth (on the value of nl) ,

if the mass of the circumterrestrial swarm is small as compared to

the mass of all the particles. The inevitable fractionation accompanying

collisions additionally increases the amount of small particles.

Capture of material into the circumterrestrial swarm with "free-

bound" collisions of particles. With the formation of the satellite

swarm due to "free-free" collisions, collisions of particles flying

into the swarm with particles of the swarm must occur more and more

frequently, which also leads to the capture of previously free particles.

One can find by analogy to (4.29) that the mass captured per unit time

T 8,%f_ (4.34)

where P2 is the spatial density of the swarm, while aef f is the effec-

tive dimension for the interaction of the two ensembles of particles:

"free" with the distribution (4.19) and "bound" with a distribution of

the same form, but, generally speaking, with another exponent n2:

7 -- nl-- .s , _x -mlnP _"_ -- am4_ln )

_f,= _-.,) @-.,) .,-.-.._m-_ " (4.35)

If it is assumed that n I during the course of the active stage of growth

of the Earth and the enrichment of the circumterrestrlal swarm is ap-
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proximately constant and equal to 3.5, then for various n 2, which

could occur in the swarm, the effective size will be expressed to a

sufficient approximation in the following form:

n, ..... 3,5 S°_

44met .).'/, 0'16 '" ',

n, ..... 4.0 4.5 5,0

_ff .... In (.,,,_J_.,,,,)¥ .,..=.,.,. _V o.=.o_.= :_Q/_.,_._=,..

We see that in all cases for n2_ 4.0 the effective dimension is ex-

and for various
pressed as the geometric mean between ama x and ami n

n 2 differs only by asmall numerical factor. The difference between

ama x and ami n probably reached 12 - 13 orders of magnitude. Thus,

a change in the effective dimension from a value the order of ama x to

a value on the order of Jamax amin denotes an increase of the captured

mass by 6 orders of magnitude. Thus, the free-bound inelastic colli-

sions or, equivalently, the sticking of free particles into the swarm _

is the most important source of enrichment of the swarm. This mech- _

anism will be considered in more detail in the subsequent paragraphs ,'

of this chapter. We will discuss other forms of capture of material

J

/10__8

into the circumterrestrial swarm.

/

q.3- Gravitational Capture of Particles into Geocentric Orbits

The first attempts to use the theory of O.Yu. Shmidt on the accu-

mulation of planets to the formation of satellites around them were

made for purely gravitational, collisionless" capture. It will be

shown later that the "coliisionless '_ capture has only supplementary

value for the growth of the Moon. However, the theory itself is of

interest, since the role of the libration points in the bounded three-

body problem as peculiar "admission points" for particles transferring

from heliocentric orbits into geocentric and conversely is clearly

shown.

We will discuss the theory of gravitational capture of material

by the growing Earth, following the work of V.V. Rasziyevskiy Ill].

Let us consider a planet with a variable mass forming along a circular

orbit with the center at the common center of mass of the system; the

Sun surrounded by a gravitational medium, whose density bhanges with
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distance" according to a law related to a law of planetary distances,

and a particle on which acts the attraction from the Sun, medium and

planets and radiation repulsion from the Sun. We introduce the dis-

tance _, between the particle and the center of gravity of the system.

Then in a system of units where mc - 1 and G = l, the Jacobi integral

can be written in the form:
R

v'-- _ + +T - am-e. (4.36)

Here m is the current mass of the Earth together with the mass of the

medium included within the limiting Hill surface surrounding the Earth

(it will subsequently be called the mass of the Earth); (i - m) is the

sum of the mass of the Sun and the medium included within the helio-

centric sphere of radius equalling unity, which is taken as the dis-

tance between the Earth and the Sun; Am is the mass included between

the two spherical shells with radii _ and I; Am > 0 for _I; Am = U

for _- For v = 0 the Jacobi integral (4.36) gives the equation of

the surface of zero velocity. As has already been mentioned in section

4.2 of this chapter, according to [10S, the presence of the gravitational

medium does not change qualitatively the form of the surface of zero

velocity and its double points L 1 and L2, which correspond to the three-

body problem in a vacuum. The distance from the Earth to the point

LI in the presence of a medium, as in the vacuum problem, is expressed

in the form (4.8), only if the nucleus of the Earth reaches a mass

m > 10 -3 Mpres. The value of the constant C1 (for the point LI) also

preserves its classical expression with an accuracy to terms of second

order under the same 2ondition about the lower limit of m (cf. (4.9)).

Thus, even at the very early stages of the growth of the Earth,

the presence of a gravitational medium cannot be taken into account in

evaluating ZI and C1. Consideration of the radiation pressure in the

bounded three-body problem performed in [19J showed that the surfaces

of zero velocity are significantly more deformed for particles with

cross section the order of 1 cm and smaller than in the classic_l case

of the problem. In particular, the ovaloid encompassing the Earth

and passing through the point L 1 opens in the region of L2, merging

with the external Hill "screen" (cf. Figure 4.3). However, this re-

sult is valid only for a transparent preplanetary cloud, In which the

Poynting-Robertson effect "sweeps out" the small particles toward the
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Sun. Thus, deformation of the surface of zero velocity because of

radiation pressure Will not be taken into account.

We now consider the conditions for the gravitational capture of

particles by the Earth caused by the variability of the mass m. In

,....-_ each brief interval of time, during which there is no practical change

in the mass of the Earth, the problem can be considered in its classi-

. cal formulation and the expression forl E1 and CI can be considered

invariant So

_/ •.i_

m

Since the instantaneous velocity and the position of the particle

cannot change with each instantaneous increase in mass m, then the

change in m causes a corresponding change of the constant C charac-

teristic of the given particle. As is' seen from (4.36):

dC =---R- +- N -- _ • (4.37)

With an increase in the mass of the Earth by din, the mass Am decreases

accordingly, and one can assume: m

24

. (4.38)

On the other hand, by differentiating (4.9), we find:

dE, --=-_ dm :i
(re�s)',. = _ din. ( 4. 3 9 )

For particles located within the limiting closed Hill ovaloid surround- /iiO

ing the Sun, l>l, ands consequently, as is seen from (4.38) and (/4.39):

l

4(7 dCj
(4.40)

The growth in mass of the Earth for such particles does not lead to

their gravitational capture.

Conversely, for particles already located in th@ ovaloid surround-

ing the Earth, R_! and !<1%. Thus, for them:

dC_ gO,
Tm._" , , .,

V. Radziyevskly [Ii] assumed l-_on the right side.
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from which it follows that the escape of such particles from this

ovaloid is made more difficult with the growth inmass of the Earth, and _

is impossible in general for particles penetrating through the point

L and having C = C1 at the time of transition. Such particles become

stable (in the Hill sense) satellites of the planet. We assume that

a particle up to capture is at the point L1, i.e. in the coordinate

system fixed to the Sun; it moves in the plane of the ecliptic revolv-

ing in the forward direction both around the Sun and around the Earth

with the same sidereal periods equalling one year. After capture such

a particle will then revolve around the Earth in the plane of the eclip-

tic in the forward direction, while its specific angular momentum with

respect to the Earth will equal the momentum of the libration point

LI, i.e.:

k= = (4.42)

For the present mass of the Earth, this specific momentum would

correspond to the geocentric orbit of a satellite with radius of about

78 R, i.e. even somewhat greater than the present distance of the Moon

from the Earth. V.V. Radziyevskiy proves that close to the libration

points_L I and L2, accumulations of particles of the preplanetary cloud

could form, which perform oscillatory motions with respect to the cen-

ters LI .q.nd L2, from which-__ ........._=_ was also D_;vv_d up in the circus-

terrestrial swarm with increasing mass of the Earth.

A

This theory was applied by Ye.P. Razbitnaya [20] to the problem of

the origin of the Moon. Gravitational capture of particles was thought

to be the main supply source f6r the Moon, but in order to obtain the

Moon with its present orbital momentum, a small contribution of parti-

cles striking the Moon directly and carrying zero momentum on the aver-

age was assumed. It was assumed that the particles captured by the

Earth do not stay for an indefinitely long time close to the points

L1 and L2, but leave there because of the collision interaction in

the cloud. Thus, collisions of particles played a supplementary role,

redistributing the constant C. The number of particles with constants

C close to CI was assumed proportional to the total amount of material

in the zone of the Earth, i.e. _res - m, while the proportionality

constant was taken from the condition that at the end of the growth

of the Earth (mm Mpres) the Moon. must haye grown in its present orbit,

12T
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This led to a rather strange result: the initial mass of the Earth,

for which the capture of lunar material begins, was obtained as 0.96

_res' and the age of the Moon as 0.84 of the age of the Earth.

A detailed critical analysis of the model of Ye.P. Razbltnaya was

given by us in 1960 [15S. All the arguments lead in essence to the

fact that purely gravitational capture of material due to the increase

of m is a much less effective method for enriching the swarm than in-

elastic collisions. Actually, we compare both mechanisms in terms of the

increment of the constant C for one approach of a particle to the

Earth. The flight of the particle inside the sphere of influence of

the Earth lasts less than one year (the period of revolution of the

point L1). Over this time the growth of the mass of the Earth gives:

A¢ --2 Am/l (4.43)

independently of the size of the partlcle. We take the minimum value

for I equalling r and the time of flight equalling one year to maximize

o the right side. Then in the system of units taken in the bounded three-

body problem:
'AC,_2 (Amlm),yrlm/(M®%m)| 2.10-'.S.lOa_,_5.10-'.

,_ = 4.Jo_ (4.44)

Actual AC will be less by approximately 102 times, since the close

flight of a particle at distances l_r lasts hours, while the main time

-the order of a year is spent in distant flight at g_00r. The rate

of growth Am was also taken as a maximum here; it corresponds to the

active stage of grwoth of the Earth _4S, and not to the stage of atten-

uation of the growth from 0.96 to 1.00 _res' as by Ye.P. Razbitnaya.

Only a completely negligible fraction of all the particles filling

the space in the zone of the Earth can be captured with such a small

(_ 10 -ll) increment of AC. We have already noted above 'that capture

usually requires A'C from I0 -1 to l0 -4.

L

An estimate of AC for inelastic collisions depends strongly on

the particle size and on the size distribution function for the par-

ticles of the swarm. By using the equations presented below in the

paragraph on the relaxation tlme of the swarm, one can find AC for

various conditions of the swarm. Here AC _ 2rAy, while Av _ 1/2 for

head-on collisions of comparable masses. In the units being used,

this corresponds to AC _ 10 -2 (cf. (4.11)). By taking into account
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that not all collisions can give a large velocity loss, we take for

comparable masses A-_ _ i0 -S. For the collision of a particle of m I

with a smaller mass m2, we will then have AC _ i0 -S " m2/m I. Even if

there is not yet a swarm in the present sense, and the sphere of influ-

ence of the Earth is simply filled by "background" particles, i.e.

the interplanetary medium with density the order of 10 -12 gm/cm 3,

which is typical for the active stage of growth of the Earth (_

1/2 _res ), then about 2 • 10 -4 the mass of the Moon must be contained

within the sphere of influence of the Earth (we have neglected here

the focussing of particles close to the Earth, which also increases

the total mass of the "background" particles). One flight of a parti-

cle through the sphere of influence of the Earth filled with such a

medium leads a particle of radius i0 -B cm to a collision with a similar

particle (or with a sum of smaller particles having the same mass), a

10 -2 ,particle with radius i0 cm encounters a body of radius i km 10 -4

and I00 km _i0 -5 of its mass The increment AC is _ i0 -B 10 -5 10 -7

10 -8 respectively. We see that only one deceleration in the medium

surrounding the Earth at the beginning of its growth more effectively

changes the nature of the motion of particles and even large bodies

than the growth of the mass of the Earth over the time of approach.

The contrast increases when a swarm of satellites with a mass, say 10 -2

the mass of the Moon already exists around the Earth. if the particle
-4

size distribution of the swarm has the form a , then all particles

with radius less than I0 m for one flight will collide with particles,

whose mass exceeds its own by many times. We can take AC > i0 -S for

' 0_ 6them. For bodies with radius I00 km AC decreases to I . The pre-

sented comparison shows that inelastic collisions of particles should

be considered the main factor in forming the circumterrestrial swarm,

while purely gravitational capture is a very small supplementary supply

source.

4.4. Mass of the Circumterrestriai Swarm.

We will distinguish the current mass of the circumterrestrial swarm

Mt and the total mass of material, which passed through the stage of

the Swarm and later combined with _he_Earth and with the Moon:
i pres •

i
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According to (4.29) and (4.34), one can write:

? (4.45)

Then : t

p_ = 4_z,(0 p,(z)zl(t)+ mr, (t)at_. ( 4.46 )

_ Here the term with _'i determines the contribution of the "free-free"

collisions, and the term with _'2 the contribution of the "free-bound"

.... collisions. It has already been noted that Z2 can give the most sig-

• nificant flux of material into the swarm. However, the determination

of _. from Formula (4.46) is difficult Just because of the Inhomogeneity

of the term with _'2" With the absence of scooping up of material of

the swarm, its density 02 due to "free-bound" collisions increases ex-

ponentially, since dp 2 _ P2" However, as we will see below, the densest

i inner part of the swarm falls out to the Earth, while the peripheral

part is strongly reorganized in view of the redistribution of momentum

(cf. section 4.5 of this chapter). Moreover, the growth of satellites

must occur in the densest parts of the swarm. We will show later that

the satellites clear the swarm more rapidly than the planet itself

scoops up its zone. Thus, the current mass of the swarm Ut' which

determines its current density PIT2, is maintained at some level over the

time of active growth of the Earth, rather than experiencing an expo-
..

hential growth. We will try to evaluate this "level" below, although i

not very definitely.

m

The besinnin _ of'the formation of the swarm and the maximum rate

of its enrichment. It is difficult to indicate the time for the be-

ginning of the formation of the swarm. It could arise only around a

rather large nucleus of the Earth, already having passed its "competi-

tors." Starting with the fact that the planet Mars has two small

satellites, one can assume that for a mass of the nucleus of the Earth

equalling the mass of Mars, i.e. about 0.1 Mpres , the formation of its

satellite swarm would have &lready begun. However, the much earlier

protions of the swarm with the subsequent growth of the Earth must

have approached it in accordance with the invariant mZ s = const, where

_s is the orbital radius of the satellite. An increase of m by I0 times

implies a contraction of the orbit by I0 times, and those particles,

which first revolved at a distance less than 30 R, are finally within
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the Roche zone (3 R) or have fallen to the Earth. Thus, only the por-

tion of the swarm captured when the mass of the planet was comparable

to the present mass is important for the accumulation of satellites. +,

In certain special cases, one can evaluate the mass of the growing

• planet, when the rate of enrichment of the swarm is maximum. We in-

?_' troduce under the integral in (4.45) some average probability of cap-

, ture p in place• of pI(Z), and a density of the swarm _2 averaged over

: the volume. Then du/dt can be written in the form:

• I

+ . .

We now impose the condition on ip2 considering it always to be propor-

tional to 01. Keeping in mind thatl_m, _-_G-_r--mV.and that Pl _

(Mpres - m), if _<<m, and differentiating the right side as a function

_ of m with respect to time, one can find for which m* the rate of en-

richment of the swarm d_/dt is maximum, i.e. d2_/dt 2 = 0. We have:

._ _ o.i (4.48)
___ + ++

Dividing the right side by ml/mdm/dt # 0, we obtain an algebraic quad- 7114

ratic equation for m:

,,,'- '/.,,++p.,,,,,++,<,__,__+,+-u_ (4.49)

its solution is mI -2/5+mpres and m2 -mpves. +It is obvious that the second .......root
corresponds to the minimum of d_/dt, when this quantity vanishes at the

end of the growth of the Earth. The first root m I = 2/5 Mpres corres-

ponds to the maximum of d_/dt. This means that the swarm grows most"

rapidly somewhere in the interval of values of m between 1/3 and 1.2 Mpres.

The Earth itself grows most rapidly in this interval (cf. Figure 4.1).

• We have already called this stage the active stage of growth.

++':S

,!+++ .

Dependence of the mass of the satellite swarm on the mass of the

C

'+ ql ,

_+

planet. One can now try to find the dependence of the total mass of

the swarm on the final mass of the planet: _r(Mnres ). We first assume
A--

' that the contribution of the material of the swarm to the mass of the

entire planet can be neglected. Then, one can divide the rate of

growth du/dt given by (4.45) into the rate of growth of the mass of the

Earth from (4.6). We obtain:

'_, dp/dm = D,(_pre _- m -- p) + D_-'],p,, I ( 4.50 )

where the first term on the right describes the contribution of "free-
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free" collisions, and the second term the "free-bound" collisions.

Their coefficients are respectively:

3'/'p"8_
' (4.52)

D,= _4,,),#.a,._Z0 +_)_ \

We first evaluate only the contribution of the "free-free" collisions.

We have : @' -- D, (M -- m -- P=).
_'_ (4.53)

Neglecting Pr. as compared to M and m, we obtain:

The maximum value of _i for m 0 = 0 will be:

. P' = D,M_res/2.

- . I_We evaluate this expression _or n I 3 5, ama x

cm, which gives:
=eff_ 10'ca .

We obtain :

(4.54)

(4.55)

108 cm,[.=,oi=m-,_to-,

(4.56)

,,,(Mpt:,_,_= _o-,_t<. ( 4.57 )

which is neglibibly small aS compared to the mass of the Moon. We can

conclude that only "free-free" collisions alone would not be a_le to

form the circumterrestrial swarm required for the formation of the Moon

in it.

/ll....___5

On this basis, we will neglect the term with DI in Equation (4.50)

and consider the formation of the circumterrestrial swarm due only to

"free-bound" collisions, which gives:

P, = P_,. (4.58)

The mass of the "background" _particles f_illing the sphere of influence

of the Earth can be taken for _0' since they fill the role of the re-

sisting medium at first. As soon as a comparable mass of particles

appears in the swarm in geocentric orbits, the role of the resisting

medium passes to them and the new portions of material are then cap-

•_ ,tured in "free-bound" oolltstons,,
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We assume that:

: p=p,, i (4.59)

_P'=_' i (4.60)



where V is the fraction of the total mass of the swarm at a given mo-

ment in the circumterrestrial space, 7<1, then:

whe re : ..... - _---

The obvious condition for the formation of a massive swarm around the

(4.61)

(4.62)

growing planet is F>I.

Taking the mass of background particles during the active stage

of growth of the Earth (m = (2/5 -1/2) Mpres) for _0' we have within

the sphere of influence of the Earth:

P0 -- (10"4_i0'')P{. (4.63 )
f

Consequently, F_I0 is necessary to obtain a swarm with a total mass of

10UK . We set _ = 1/5, p = i/i00; mo = 2/5 _res" Then for various

7, we have the condition for aeff, which gives the required value of F:

T ...... I c.i 0.1 0,_i

' c-' ,o. ,o* ,o.

*

An analogous result is obtained if one assumes _that the density

of the material of the swarm IP'0 (excluding large satellites) is always

proportional tol #i, i.e. the background density, and the proportionality

•constant between them is k2(P 2 - k2Pl). Then, in place of (4.34), we

have '

, t

48,,elf -

(M) ----D,'i-,

We introduce with D1 the factor kl<l in order to take into account only

those collisions of the ensemble of interplanetary particles with the

ensemble of the swarm, which occur between particles of comparable

mass. Excluding from the interaction, for example, the largest pre-

planetary bodies with radii the order of 108 cm (they have no "equals"

in the swarm), we must set k I - I/3_if n I : 3.5 [c f. (4.19)]. In this

case, ama x = i07 cm. For aml n i0 _ - I0 5 cm and n 2 = 4.0, we obtain

aef f = 200 - 600 cm (cf. derivations on page 123). Substituting _ =

I0 _:, into (_.65), we find k 2 - i0.

(_.64) .....

(4.65)

(4.66)
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Consequently, the condition:

_,= lop,, (4.67)

must be satisfied for the capture into the swarm of I0 times the mass

of the Moon, i.e. if we assumed that the density of the swarm is al-

ways maintained at a specific level, then this level must be an order

of magnitude greater than the "background" density p] during the active

stage of grwoth of the Earth. Numerical_y , 01 _ i0 -I2 gm/cm 3 at this

stage. Then, within the present lunar orbit of 60 R, condition (4.67)

gives the current mass of the swarm of about 10 -4 the mass of the Moon,

and within the sphere of influence of the Earth (10 -3 - 10-2)_. During

the evolution of the swarm, it must have been subjected to continuous

renewal due to the flux of interplanetary particles and the scooping

up of particles by the growing satellites of the Earth.

Geocentric An_ular Momentum of the Circumterrestrlal Swarm and

the Initial Distance of the Moon (or System of Protomoons) from

the Earth.

The planet-centered angular momentum of that portion of the material

of the swarm, which combines into a satellite, determines the orbital

momentum of this satellite,%.e., its initial distance. In the case

when a system of satellites is formed, their total momentum is deter-

mined. The portion of the material of the swarm, which does not appear

in the satellites, but falls to the planet, takes away from it some

angular momentum, which is combined with the momentum being brought

into the direct growth of the planet. Thus, an estimate of the planet-

centered momentum of the swarm is of great interest K21]. The rotation

of planets of the required order was already simulated with computers

in 1965 E22,23]. Calculation of the rotation of the Satellite swarm is

significantly more difficult.

/ill/

It is well known that if one takes a unit cell in the form of a

circle in the plane circumsolar cloud, each paTticle of which describes

a circular Keplerian orbit, then its angular momentum with respect to

the axis passing through its geometric center and parallel to the axis

of rotation of the cloud is + 1/4 !mc , where the plus sign denotes

rotation lin thelsame direction as for the Cloud with respect to the Sun.

The quantity I denotes the moment of inertia of the cell with respect
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to this axis, while mc is the Keplerian angular velocity about the Sun,

The presence of a nucleus of a planet at the center of the cell must

somehow change the value of its planet-centered momentum.

e.

_J

J

Let us consider the Earth-swarm system at the stage of formation.

Just the captured particles can have orbits with various eccentricities

and various directions of revolution about the Earth. Subsequent in-

elastic collisions with other particles of the swarm shift them to

almost circular orbits in the central plane of the swarm or lead to

their fall to the Earth. if the random components of the residual

velocities of Just the captured particles are symmetric with respect

to the system of coordinates rotating along with the Earth about the

Sun (as was assumed in the works of V.V. Radziyevskiy and A.V. Artem'yev

[24,25]), then the total angular momentum of the swarm is +I_ c, where I

is the moment of inertia • of the particles of the swarm during the time

of capture with respect to an axis passing through the Earth and

parallel to the axis of the ecliptic. The conglomerate of particles

stably boGnd to the Hill sphere would have such an angular momentum.

Thus, one sometimes speaks of the solid-body rotation of the new portion

of the swarm with the velocity of revolution of the Earth about the Sun.

Captures per unit volume are accomplished more frequently close

to the Earth, but because of the great elongation of the orbits of

the captured particles only, they will fill all the space around the

Earth where the existence of its satellites is possible. Since the

value of mc is less than the angular velocity of a particle in any cir-

cular geocentric orbit, then the average specific momentum _c of par-

ticles entering the swarm at a distance iS is also less than the speci-

fic momentum of a satellite in an orbit with radius lZ in the central

plane of the swarm:

t'_< _/_-'I. (4.68)

The specific momentum 2_,,_of material captured at a distance from

the Earth equalling the Laplace sphere i(!-=r,.= 144 i_) equals the specific

momentum of a direct satellite revolving in a circular geocentric orbit

at a distance of % 12 R. The momentum of material captured on the

equator of the Hill sphere_(__t,_235R) equals the momentum o£a satel- /118 .

lite at a distance n_ 7R. _. TP £h_ m_4 _1 nP _MA ._b_.. _ _._ ....A
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Figure 4.6. Dependence of the

specific momentum of satellites
of the Earth on the orbital ra-

dius _: kI- specific momen-
tum of satellites in circular

orbits, kll- distribution of
the specific geocentric angu-
lar momentum in the satellite

swarm corresponding to its

"solld-body" rotation with reS-

pect to the Sun; rL and
boundaries of the Laplaceland--

Hill spheres respectively;

kL and k_ I - upper limits of
momentum in the Laplace and
Hill spheres respectively.

at distances close to 80 R, then its

momentum would be less than the spec-

ific momentum of a satellite moving

in a Keplerian orbit at a distance

of 1 R from the center of the Earth,

i.e. it would fall to the Earth. For

the specific momentum of the Moon at

its present orbit, the capture of ma-

terial must have been accomplished at

distances greater than 220 R, i.e.

almost at the boundary of the Hill

sphere. The distribution of the

average specific geocentric momentum

in the material captured at various

distances is presented in Figure 4.6 _._'_...._

(cur_'kii). The specific momenta

_G-_m of satellites revolving about

the Earth in circular orbits of ra-

dius _ (curve kI) are also plotted.

The non-correspondance of the first

with the second must consistently lead

to a "restructuring" of the swarm, indicated in Figure 4.6 by arrows.

"It is clear that the concentration of captured material toward the

planet sharply increases with such restructuring and leads to the fall

of a significant mass from the swarm to the Earth. It is possible that

this mass exceeded thB mass of the Moon by several times and carried

with it a significant fraction of the "regular" momentum of the Earth,

i.e. the componen_ of its rotational momentum perpendicular to the

plane of the ecliptic.

i__ "

The process of the enrichment of the swarm lasted for almost the

entire time of accumulation of the Earth. Fall of material of the

swarm to the Earth and its accumulation into one or several protomoons

occurred in parallel with this. We introduce the fictitious total

(over the entire time of enrichment of the swarm) surface density o

of the captured material only. Let the dependence of o on the distance

from the axis be expressed in the form:

i @= _(llR)4' _ (4.69)_i_'', _........... J
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We estimate the relation of the mass and angular momentum for the two

portions of the material of the swarm: for that captured close to

its axis of rotation and presumably falling to the Earth and that cap-

tured far away, by assumption, combining into the Moon.

We denote the boundaries of the inner and outer portions of the

swarm by _(4,1Jiand (l,,/,),respectively, where l;>Is_>l,, Then the ratio of

the mass M falling to the Earth to the mass _ forming the Moon will be:

Z_ Iol dl

--- [P _ _ldl

the ratio of the total angular momenta:

i ' _ 1_'b81 . "

,1 sb dl

The specific momentum of the material of the Moon:

i kp, _ ..... ,.

_, _ (t_-_- z_-b(4- _1

I*
I

.]

(_.70)

(4.71)

(4.72)

and the specific momentum of the material falling to the Earth:

k= .., - '
: (¢b__-.b(4_ _ -." (".73)

_ the radius of the Earth (4 = R),, can be taken as the inner boundary I,,,

and the radius of the Hill sphere for 4. The boundary /,,between the

two portions of the swarm can be chosen from the condition that the

specific momentum _m= be equal to the specific momentum of a satel-

lite revolving at .the Roche limit of tidal stability (_ 3 R); then

l,_ 100_. The ratios of mass and momenta_ specific momenta and total

momentum of the Earth-Moon system corresponding to these boundaries

are presented in Table 6 for various exponents of the concentration b.

We see that the amount of material falling from the swarm to the Earth

increases greatly with an increase in concentration of the captured

material toward the center, the ratio of momenta increases more weakly,

and the initial specific momentum of the Moon depends even less on the

degree of concentration.
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For t_ = 235 R and only one protomoon, the latter revolves at a dis-

tance of (15 - 27)R depending on the degree of concentration of the

material toward the center. A system of protomoons could have been

formed in the region (3 - 78)R. Because of the fall of material from

the swarm, the momentum of the Earth K can be obtained both larger

and smaller than the present value equalling 5.8 • 1040 gm;cm2/sec,

but in all the considered cases the total momentum of the Earth-Moon

system is obtained less •than the present value equalling 3.45 " 1041

gm.cm2/sec. To obtain data agreeing with the observations, it is

necessary to assume that a significant part of the momentum of the

Earth _itself was obtained by the direct growth.

/120

TABLE 6*

MASS AND ANGULAR MOMENTUM DISTRIBUTION IN THE SWARM BOUNDED BY HILL

SPHERE (235 R) FOR VARIOUS EXPONENTS OF CONCENTRATION b

1 i k.lO-m.

0 0,22 03k13 40
i" (),73 0,083 27
2 5,4 0,22 8,7
2,5 25,8 0,38
3 t72 0,73 0,8

t

mTranslat6r ts d0te:

%1

j, ,' , ,
I

2,6 0,005 t,9 _ ' _ 2 27
2,4 OJ4 t,'/5" i _ 'I,9 23
2,1 0,34 1,55 i,@ I'7,4
2,0 . 0,56 . 1.46 2,1 16
1,9 t,O t,4 2,4 14

!

'I

J

Commas in numbers represent decimal_points. ]

According to Giuli [25], who considered numerically the scheme of

direct growth of the Earth due to particles revolving about the Sun

in the plane of the e'cliptic, the Earth must have acquired a momentum

K 0 = (1.7- 1.8) • 1041 gm. cm2/sec, i.e. rotation with a period of

seven hours. One "obtains with the use of the data of Table 6 that for

K 0 from 1.7 " 1041 to 1.8 ° 1041 gm.cm2/sec_ according to Oluli, and

for b from 0 to 2.5 corresponding to fall from the swarm to the Earth

from several tenths to several tens of lunar masses, the sum of the

total momentum of the swarm and initial momentum of the Earth equalling

3.7 " 1041 gm'cm2/sec is close to the present momentum of the Earth-

Moon system (3.45 " I041 gm'cm2/sec).

The relative contribution of satellite swarms to the rotation of

other planets of the solar system was evidently less (cf. Chapter 6).

One can reach the following conclusions from this analysis.
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I. The density of the swarm increased strongly in the direction

toward the Earth, and a significant part of it must have fallen to the

Earth carrying with it a significant part of its rotational momentum.

2. If the boundary of the swarm can be approximated by the Hill

sphere (235 R) and if the distribution s(8 can be approximated by for-

mula (4.63), then a single protomoon is formed at a distance of (15 -

27)R, while a system of protomoons is formed in the region (3 _- 78)R.

The obtained initial distance of a protomoon fits well into the inter-

val of initial distances of the Moon from i0 to 30R, which was obtained

by Goldreich from the calculations of tidal evolution of the lunar

orbit.

4,6., Dynamic Characteristics of the swarm.

!

112__!

Relaxation time of the swarm. Let us evaluate the time rs, over

which a particle of the swarm (satellites) experiences a collision with

smaller particles, also belonging to the swarm, whose total mass equals

its mass m s [26].

We will neglect fracturing of the particles. For small bodies

unable to grow, T s is a characteristic time for the ordering of the

_otion in the swarm because of inelastic collisions. For large bodies

able to grow, Xs denotes the time for doubling the mass or a charac-

teristic time of growth, if the mass loss with collisions with parti-

cles is small, i.e. the disintegration coefficient (cf. below) fs_0:

Am._ m,--aa'p,v,r°. (4.74)

Here Ps is the density of particles smaller than m s . Substituting

m. = _/_8.,', p,v.= 4_./_ where _s is the surface density of the material

of the swarm, including only bodies with masses smaller than ms, we

obtain :
i % -- aS,P/_.,

amln

@

_j amln

amln

(4.75)

where _s is the mass of the entire swarm equalling the integral in the

denominator, whose introduction here in explicit form is convenient,
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and S is the area of the swarm.

the total volume of the swarm.

and for n 2 - 4:

The normalization factor B 3 refers to

Hence, we find for n 2 # 4.

_tI x --'rot#

"r't _" -- "rain I I

i p. 1"4"I"._,.) _.l'.S in (",,.,xl",.,.)

'~ .

(4.76)

(4.77)

It is, seen from (4.76) that Ts for n 2 = 3 and a >> ami n does not

depend on the dimensions of the particles, For n 2 < 3, Ts is smaller

for larger bodies than for smaller; for n 2 > 3, conversely, the motion

of small bodies is ordered more rapidly than the large bodies grow and

are ordered. More favorable conditions for the accumulation of large

satellites are created in the latter case. The values of _s' calcu-

lated for n 2 = 3.5 and 4 depending on U s for P = 106 sec (I--32 It) and

S = _ (60 R) 2 (the area of the circ%e bounded by the present lunar or-

bit), are presented in Table 7. In other orbits /l_,idiffers from that

presented by _, times, since _P -_f,_; for example, for l-- 60 B the time

Ts is 2.5 times greater.

1].2.__2

It is seen from the table that the relaxation time is much less

than the characteristic time for accumulation of the Earth - 10 8 years

[4]. This speaks in favor of the rapid evolution of the swarm.

2

O "

TABLE 7*

RELAXATION TIME T_ (iN YEARS) DEPENDING ON _s FOR VARIOUS VALUES OF a

i n,---3,5, *maziOt_c_ 4t:_.em, n ' o' 50 "4 7.t0' 7.tO s ?.1_ 2,2.t0 t

_ to-* ? 70 7oo 2,2. tO' "i.tO'
1,0 0,07 0,7 7 22 70

nt _ 4, ema x u |_ _ aml n _= |O'a _eZtl

!0"* 48 3,4.10' 2,7.10 l 2,4.50'
tO--e 0,48 94 2,7.10' 2,4.t0' '

10-4 4,8.104 0,94 27 240 2,2.108

l,O 4,8.t0-.8 $,4.t04. 0,27 2,4 22 300
, s,
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Disintegration of small satellites of the Earth by particles

from interplanetary space• We have seen that with the presence of

the ordered circumterrestrial swarm, the large nucleus of a satellite

is able to quickly double its mass by scooping up particles from geo-

centric orbits. Without the swarm, all satellites smaller than some

dimension must be fragmented under the effect of collisions of parti-

cles from heliocentric orbits. In fact, in approaching the growing

Earth, the geocentric velocity of an interplanetary particle is:

¢.v, _ _o,m
+-g" " (4 78)

if it is not slowed in the resisting medium. With respect to the sat-

ellite revolving in a circular orbit with a velocity _, the average

velocity of the particle will be:

= "!'. -'1"" (4.79)

In the space bounded by the present lunar orblt, this velocity is In-

cluded between 14 and 3.5 km/sec, when the mass of the Earth is growing

from Mpres/2 to Mpres. This velocity is much greater than the escape

velocity from the surface of satellites, which for a body with a den-

sity of 3.3 gm/cm 3 and radius 1,000 km is 1.36 km/sec for a body with

radius 100 km- 0.136 km/sec, etc. The specific kinetic energy of in-

terplanetary particles, which they must have in colliding with satel-

lites of the Earth, was the order of 10 ll erg/gm. In such a collision

the particle must frmgment a much larger mass than its own. To fragment

stony bodies requires from 108 to 109 erg/gm [27], and to overcome the

gravitational field of satellites with radii from 10 to lO0 km, from

106 to 108 erg/gm is sufficient. Thus, impacts of interplanetary par-

ticles in a majority of cases were accompanied not only by fragmentation

of the bodies and the particles themselves, but also the injection of

fragments into independent clrcumterrestrial orbits. Thus, for example,

if one takes a fracturing energy of 108 erg/gm corresponding to disin-

tegration into large fragments, then a satellite with radius of I00 km

must have been fragmented and dispersed with impact of a body with

radius of 30 km colliding with it at a velocity of 1.5 km/sec, or a

body with a radius of 15 km flying with a velocity of 5 kin/see. In

order that a 100 km satellite be fragmented more strongly (an energy

of 109 erE/Era), the radii of bodies impacting with a velocity of 1.5

/12__t
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and 5 km/sec must be 50 and 25 km respectively, i.e. still significantly

less than the radius of the satellite.

Let us evaluate the time _r the disintegration, of a satellite of

radius a s by various interplanetary bodies impacting with it with the

same velocity _i, of which all larger than ad disintegrate the satellite
,

at once, and smaller than ad gradually chip it away. As was noted

above, ad<a s •

Let dN(a) = Bla-nl da, then the time during which the satellite

experiences one disintegrating collision on the average, is:

where a is the maximum radius of the bodies.
max

(4.80)

s

%:

+

+

The time during which the satellite of mass m s collides with par-

" ticles smaller than ad having a total mass sufficient to fragment it is :

• +
I

%In

where the loss coefficient with bombardment fs indicates by how many

times the mass ejected from the satellite by a particle is larger than

the mass of the particle itself. The average disintegration time tf

of a satellite is determined from the expression

(4 82)
_t 'J '_ "

The coefficient fs depends on the energy of the impacting particle

and on the mass of the satellite. In a work devoted to the conditions

for growth of asteroids_ Hartmann [28_ calculated fs on the basis of

the experimental data of Holt and others on impacts with supersonic

velocities of 5 - 7 km/sec. In the experiments of Holt, the ratio of

the fragmented mass to the mass of the "charge" was l02 - i0 S, but high

ejection velocities up to 19 km/sec were observed only for a small

portion of the material with a mass approximately equalling the mass

of the "charge." The lower velocity limit of 0.25 km/sec was recorded

for this ejection, This value is the parabolic velocity at the sur-

face of a body with radius ,176 km (for a density of S,6 gm/cmS).

Hartmann t_ok this value as the lower limit for the radius of an in-

I12 /.
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destructable asteroid, which is subjected to the impacts of particles

with velocities of 5 - 7 km/sec. For smaller bodies, which do not

grow but only disintegrate with impacts, he presents values for the

. coefficient fs depending on their radii as (for a density of the bodies

of 3.3 gm/cm 3, the radii would be 5% greater):

_ o,.km. • • 176 100 10 I _I
I, ..... _i 4 26 I0' I0'

A. Marcus [29] presents higher disintegration coefficients on the

basis of the same experimental data of Holt and others, but with con-

sideration of the entire velocity distribution function for the ejected

material. According to Marcus, for an impact velocity of 5 - 7 km/see

fs = I corresponds to a body with a radius of about 400 km; for bodies

with radii less than 200 km, the coefficient fs is greater than 10;

for a = 100 km, fs _ 30; with the transition to smaller bodies, fs

decreases to several hundred.

The data of Holt are applicable to the conditions of the circum-

terrestrial space, in which the typical velocities of interplanetary

particles were about 5 ks/see' Hence_ it follows that for the growth

of satellites of radius less than some value (400 km according to

Marcus), a circumterrestrlal swarm of particles with much lower secular

velocities would be required. The calculation shows that without a

swarm during the period of active growth of the Earth, when the spatial

density of interplanetary particles in the supply zone of the Earth

was l0 -ll - I0 -12 gm/2m B and their radius distribution had an exponent
"u

n in the interval from B to 4, a satellite with radius of 100 km (f_

30) would have been fragmented after a time the order of l05 years.

Bodies with radii of 200 km, for which f is somewhat less, would have

disintegrated after 106 - l07 years. Thus, in the vicinity of a suf-

ficiently massive Earth without a circumterrestrial swarm, nobody of

asteroid dimensions could have grown into the Moon because of inter-

planetary bodies and particles, but only fragmented by them.

Growth of large satellites of the Earth because of interplanetary

particles. We assume that there is no circumterrestrial swarm, but

there are large satellites in the vicinity of the Earth, which have

not yet been fragmented with impacts of interplanetary particles, and
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are even capable of growing with their collisions. Let us evaluate the

maximum growth of their mass by assumlngthat the disintegration coeffi-

cient fs _ O. Actually, the real values of fs are always greater than

zero, since the particles cause fragmentation of the surface of the

satellites, but their fragments and ejection products remain in cir-

cumterrestrial orbits and in the final analysis fall to the satellite

and to the Earth. The simultaneous growth of the Earth and the satel-

lite of mass M and radius a are described by the relations: L:

dm 4_ S ' '
"_ --" -'Jr" r+s ,

4_ _2_

Let v 2 = Gin/Or as before, then:

'( =cm_ ' id = r' t + -._..!, i
i

= t 2G"++--"(' ++). i

' ='It + 20 (p/m)'J*l _ ='.!d=P(t+2e), .,=

By equating the expression for dg/dm with that obtained by dividing

(4.8q) by (_.83)_ we obtain:

(4.85)

i.e. :

(4.86)

_ _=_7. TT-_- (4.87)
/

for 8_. : %and B = 3, this gives da/dr = 5/21; for 8 = 5, da/dr = 5/33.

I

Consideration of the spatial consolidation of the orbits of par-

ticles moving close to the Earth can somewhat increase the effective
2

cross section _aef f of satellites located close to the Earth [SOS.

However, in this case' the mass lost by the satellite increases at the

same time because of the great intensity of impacts, thus our conclu-

sion remains valid.

O

Only those satellites could be preserved, which began growing

when the mass of the nucleus of the Earth had reached approximately

half the present terrestrial mass (with a smaller mass of the nucleus

of the Earth, there is no guarantee that the system would not have

been fragmented by impacts of other large masses in the supply zone of

the Earth). Moreover, the initial mass of the nucleus of the planet

is small, then with its further significant increase all satellites

initially located at a distance!l,.i__i,.W/mojare pulled inside the Roche

limitili, iiand disintegrate. With the growth+of 'the Earth fromMpres/2 to
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_res' its radius increases by 1300 l_n. According to (4.87), the growth

of the radius of a large satellite is a maximum of 200 - 300 km. To

provide for the growth of the Moon by this way, it would be necessary
i

that for a mass of the Earth twice as small as now that there already

existed a protomoon with a radius of 1,400 - 1,500 km, i.e. a satellite

with a mass equalling 0.5 - 0.7 the present mass of the Moon, or 3 or
I

4 protomoons, each with a radius of i00 km and the same total mass.

Consequently, although the growth of large satellites because of inter-

planetary particles is possible, this does not solve the problem of the

formation of the satellites, which themselves must grow because of the

swarm.

Conditions for the growth of a satellite in the circumterrestrial

swarm. Let us evaluate what the circumterrestrial swarm must be, in

which the conditions for growth of a satellite are satisfied. The

averate velocities _s of the particles of the swarm with respect to

the satellite moving in a circular orbit were determined by the incli-

nations of the orbits Of the particles to the orbit of the satellite:

_,---a,,_iv_, (4.88)

where v c is the clrcular geocentric velocity equaling _G-_V[, e Is the

eccentricity of the orbit of the particle, i is the inclination of its

orbit to the orbit of the satellite in radians. For a sufficient

ordering of the motion of the particles of the swarm e<< l, i << I and

the velocities v s are much less than v I given by (4.79). The ordering

of the motion was achieved over a comparatively short time, as was

shown above. The velbcities vs are uniquely related to the uniform thick-

ness of the swarm vs = 4Hs/P, where P is the geocentric period of revo-

lution of the particles of the swarm. The degree of ordering or the

consolidation of the circumterrestrial swarm was limited by the pre-

sence of large bodies in it, whose perturbations also determined _ and _:

(4.89)

It is these largest bodies at this time which were capable of further"

growth because of the particles of the swarm, i.e. they could become

nuclei of sateilitesl a_d the smaller bodles served only as the supply I

medium for them.
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The possibility of the growth of the large bodies in the vicinity

of the growing Earth depended on the ratio of the densities of the

circumterrestrial swarm and the interplanetary medium. Two components

of the swarm should be distinguished in analyzing this process. One

consists of particles in ordered orbits; the other of particles newly

captured in the swarm, whose orbits are at first greatly elongated and _

inclined to _he central plane of the .swarm, where large _atellites

must be accumulated. We call these particles the unordered component

of the swarm. The growth in mass of the satellite is:

_t,. _a, lp.v.(t /.)+p_v_(! h)+p,v_(| A)I, (4 90)
dl ....

where fs is the loss coefficient with collision with the ordered com-

ponent of the swarm, Ps is its density, fl and fi, pi and pI, v i and

vI are respectively the loss coefficient, density and velocity of par-

ticles of the unordered component and the interplanetary particles.

The total density of the swarm P2 is the sum of Ps and Pi" For an

approximate estimate, we assume that fi and fl are the same and equal

to f, and since _s <_ _l ' we assume fs equals zero and let _i _ _l'

Then the condition for the growth of'a satellite dms/dt • 0

is written in the form:

_,_,> 2p_ --t) (4.91)

or with substitution of:
q

in the form:
.°

P-----p,2_(l-t) t + , (4.92)

where the value of the root changes from approximately 2.5 for _ to

1.4 for large 1. It makes sense to consider this ratio close to the

plane of symmetry of the swarm, where the density Ps is maximum and

where the nuclei of satellites revolve. We will consider this condi-

tion as applied to nuclei of satellites of various dimensions as ,

keeping in mind bodies which are the largest in this zone of the swarm

and thus determine the value of vs •

Satellites larger than some limit, for which f_ I, grow for any

_-Os>O. According to Marcus, this limit is 400 km; according to Hartmann,

the limiting radius is 2 .times smaller. But for smaller satellites,
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the condition leads to rather rigid requirements on the ratio of Ps"

Thus, for example, for satellites with radii of 100 km with velocities

v s determining their effect, we have 2 r/a s _ I00 and, moreover, f is

several ten's. Thus, a density of the ordered component of the swarm

3 orders of magnitude greater than the density of the interplanetary

medium is required for the growth of a 100-kin satellite. The growth

of a smaller nucleus requires not only a higher density in the plane

of symmetry but also a larger mass of the swarm. In fact, the condi-

tion is a lower limit for the surface density of the swarm, if it is

rewritten in the form:

a.> -_-p,_,(/-- t). (4.93 )

Hence, one can conclude that the current mass of the swarm proportlonal

to o s must be larger, the smaller the initial dimension of the nucleus,

since the coefficient f increases with its decrease. Thus, the growth

of a satellite from a sufficiently large body captured into the swarm

with collisions of similar bodies is more realistic, since the possi-

bility of growth of a satellite beginning with a nucleus of arbitrarily

small radius is doubtful.

m J

The calculation of the number •of collisions of bodies of various

dimensions in the vicinity of the Earth over the time of its growth,

which could lead to the capture of a satellite, indicates that the

probability of one collision of two bodies with radii of 1000 km is

less than l0 -3 (cf. Chapter 3.3). The same calculation indicates that

over this time could occur single collisions of bodies with radii of

200 - 300 km and several tens of collisions of bodies with radii of

100 km (if the main mass of the material of the supply zone of the

Earth was concentrated in such bodies)° This indicates that the max-

imum initial dimension of satellites of the Earth, captured into the

swarm, was probably no greater than 100 kin, and only sufficiently large

fragments could have survived with the collisions of bodies. The

growth of such satellites of the Earth would have required a circumter-

restrial swarm with an initial density in its central plane i00 times

greater than the density of the interplanetary medium. This requirement

is satisfied with the exponential growth of the mass of the swarm ac-

cording to _F_rmula (4.61), when it is not exhausted.
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One can conclude from the above discussion that the active stage

of accumulation of the Earth must have been accompanied by the formation
of a curcumterrestrlal satellite swarm due to inelastic collisions of

particles and bodies in the gravitational sphere of the Earth. Some

portion of the material of this swarm must have fallen to the Earth,

but the rest must have remained in geocentric orbits with direct motion.

The pattern of growth of satellites in the swarm can be divided

qualitatively into two stages: an initial monotonic enrichment of the

swarm because of "free-bound" collisions of particles, enrichment of its

small fraction, ordering of the motion of the particles, contraction

of the swarm inward, achievement of a high density Ps in the plane of
symmetry of the swarm at comparatively small distances from the planet;

then the beginning of growth of the largest bodies with scooping up of

the ordered component of the swarm. In the second stage the density

of the small fraction had evidently not grown, but been maintained at

some level. The condition P2 _ l0 pl (4.67) is sufficient for the pas-
sage of about i0 lunar masses through the swarm, if it were completed

on the average over the entire time of growth of the Earth. It could

have been "over-satisfled" in the first stage, since there was no

scooping up, and "under-satlsfied" in the second stage, since the growth

of satellites was accompanied by the acceleration of scooping up. Each

_arge body was a potential nucleus of a satellite; however, in connection

with the great probability of disintegration as a result of impacts of

particles and bodies passing with heliocentric orbits, only the largest
bodies with radii the'order of i000 km could have survived in the cir-.

cumterrestrial swarm.

This consideration indicates that the formation of the circumter-

restrial swarm and the growth of large satellites in it are "recorded"

in a natural manner in the scheme of the growth o_ the Earth.

J

f

148



t

i.

.

.

6

.

.

.

.

o

ii.

12.

14.

15.

REFERENCES

Brower, D., J. Clemens.
Celestial Mechanics).

Metody nebesnoy mekhaniki (Methods of

Moscow, Foreign Literature Press, 1964.

Pariyskiy, N.N. On the Origin of the Solar System and Tidal Action

on the Size of the Planet's Orbit. Astronom. tsirk, No. 34,
1944, p. I.

Levin, B.Yu. On the Distances and Masses of the Planets.

kosmogonii, Vol. 7, 1960, p. 55.
Voprosy

Safronov, V.S. Duration of the Process of Formation of the Earth

and Planets and its Role in their Geochemical Evolution. In

the book: Kosmokhimiya Luny i planet (Space Chemistry of the

Moon and Planets). Moscow,'Nauka"Press, 1975, (in press).

Safronov, V.S. Evolyutsiya dopianetnovo oblaka i obrazovaniye

Zemli i planet (Evolution of the Preplanetary Cloud and the

Formation of the Earth and Planets). Moscow,"Nauka"Press, 1969.

Safronov, V.S. Initial State of the Earth and some Features of its

Evolution. _zvestiy_AN SSSR, Fizika Zemli, No. 7, 1972, p. 35.

Levin, B.Yu. Origin of the Earth.
No. 7, 1972, p. 5.

Izv. AN SSSR, Fizika Zemli,

Safronov, V.S. On the Original Temperature of the Earth.
AN SSSR, seriya geofiziki, No. i, 1959, p_ 139.

Izv.

Subbotin, M.F. Kurs nebesnoy mekhaniki (Course in Celestial Mech-

anics). Leningrad - Moscow, United Scientific and Technical

Presses, 1937.

Reyn, N.F. On Condensations in the Dust Cloud.

Vol. i0, ° No. 4, 1933, p. 400.
Astronom. zh.,

Radziyevskiy, V.Yo Origin of the Moon in Light of the Cosmogonic

Theory of O.Yu. Shmidt. Byuil. BAGO, No. Ii, (18), 1952, p. 3. _

Chebotarev, G.A. Gravitational Hill Sphere and the Stability of

Satellite Orbits. Byull. Instituta teoreticheskoy astronomii

AN SSSR, Vol. 9, No. 6, (129), 1968, p. 341.

Shmidt, O.Yu. Chetyre lektsii o teorii proiskhozhdeniya Zemli

(Four Lectures on the Theory of the Origin of the Earth). 3rd

ed. Moscow, NA SSSR, Press, 1957.

Gurevich, L.E., A.I. Lebedinskiy.

Izv. AN SSSR, seriya fiziki, Vol. 14, No. 6, 1950, p. 765.

On the Formation of the Planets.

J

149

Rusk61, Ye.L. On the Origin of the Moon. I. Formation of the

Circumterreatrial Swarm of Bodies. Astronom, zh., Vol. 37,

No, 4, 1960, p. 690.



r

v

16. Ruskol, E.L. The Origin of the Moon. In: The Moon. Z. Kopal,

S. Kadla (Eds.), London, N.Y, Acad. Press, 1962, pp. 149 - 155.

17. Ruskol, Ye.L. On the Origin of the Moon. II.
Moon in the Circumterrestrial Satellite Swarm.

zh., Vol. 40, No. 2, 1963, p. 288.

Growth of the

Astronom.

18. Zvyagina, Ye.V., G.V. Pechernikova, V.S. Safronov. Qualitative
Solution of the Coagulation Equation with Consideration of Frac-

tlonation of Bodies. Astronom. zh., Vol. 50, 1973, p. 1261.

19. Radziyevskiy, V.V. On the Nonconservativity of the Photo-Gravita-
tional Field and on the Possible Mechanism of Solar Capture of

Cosmic Dust. Dokl. (Doklady) AN SSSR, Vol. 72, 1950, p. 861.

20. Razbitnaya, Ye.P. 0 proiskhozhdenii Luny (On the Origin of the

Moon). Author's abstract, dissertation, A.I. Gertsen Leningrad

State Polytechnic institute, 1954.

21.

22.

Ruskol, Ye.L. Role of the Satellite Swarm in the Origin of the

Rotation of the Earth. Astronom. vestn., Vol. 6, No. 2, 1972,

p. 91.

Kuladze, R.I. On the Problem of the Diurnal Rotation of Planets.

On the Problem of the Rotation of Blanets about their Own Axis.

Byulliten Abast. astrofizicheskoy observatorii, No. 32, 1965,

pp. 223, 231.

23. Artem'yev, A.V., V.V. Radziyevskiy. On the Origik of the Axial
Rotation of the Planets. Astronom. zh., Vol. 42, 1965, p. 24.

24. Artem'yev, A.V. On the Origin of the Axial Rotation of the Earth

Uchebhyye zapiskl Yaroslavskovo Pedagogicheskovo instituta.

"Astronomlya," No. 56, 1963, p. 9.

25. Giuli, R.T. On the Rotation of the Earth Produced by Gravitational

Accretion of Particles. Icarus, Vol. 8, No. 2, 1968, p. 301.

26. Ruskol, Ye.L. Origin of the Moon. III. Some Problems of the
Dynamics of the Circumterrestrial Swarm. Astronom. zh., Vol.

48, No. 4, 1971, p. 819.

27. Opik, E.J. Meteor Impact on Solid Surface.
Vol. 5, 1958, p. 14.

Irish Astron. J.,

28. Hartmann, W.K. Growth of Asteroids and Planeteslmals by Accretion.
Astrophys. J., Vol. 152, 1968, p. 337.

29. Marcus, A.H. Speculations on Mass Loss by Meteoroid Impact and

Formation of the Planets. icarus, Vol. ii, 1969, p. 76.

30. Harris, A.W., W.M. Kaula. A Coaccretional Model of Satellite

, Formation. Colloq. IQU 28 "Planetary Satellites," Aug., 1974,
Ithaca.

r_

:r/

150



Chapter 5

ACCUMULATION OF THE MOONIN THE CIRCUMTERRESTRIAL SWARM

The brevity of the processes in the circumterrestrial satellite

swarm (_ i03 years) and the duration of the time of accumulation of

the Earth (_108 years) evidently exclude a monotonic growth of the

Moon from a single nucleus. It is likely that its growth was accom-

panied by collisions from the very beginning, and not Just ah the end

when the visible relief was formed. A system composed of the Earth ;

and several protomoons should be considered as one of the possible

prehistories of the Earth-Moon system. By protomoons should be under-

stood only the largest satellites, capable of existing more than l08

years with their bombardment from heliocentric orbits, i.e. bodies

with dimensions the order of thousands of kilometers. Only the parti-

cipation of large bodies in the accumulation of the Moon gives the

higher initial _emperature of its interior and can explain the inhomo-

geneities of its structure [I]. The peculiarities of the chemical

composition of the Moon can be related to the mechanical processes in

the formation of the swarm. The subsequent history of the lunar at-

mosphere is also related to the sorting of volatile substances with the.

formation of the Moon.

5,1, Maximum and Most Probable Number of Large Satellites of the

Growing Earth '

%'

Let us evaluate the possible number of large protomoons forming

near the growing Earth. The maximum number of large satellites of the

Earth can be evaluated by knowing the width of the bodies in circular

zones of the swarm, where these satellites dominated the other bodies,

under the assumption that the orbits of the satellites themselves were

circular. By analogy to that assumed by V.S. Safronov for the supply

zones of the growing planets [23, we can assume that the width of the

zone is proportional to the average eecentPicity o_ the orbits of the
i

supply particles :

.....•I M;.=_.2el, ( (5.1 )
"I i



'i

where Z is the radius of the circular orbit of the satellite. With an

eccentricity of the satellite orbit, the supply zone must be wider.

The eccentricities j as well as the inclinations of the orbits of

the supply particleS, are 'related to perturbations of the satellite of

mass _ and radius a:

whe re :

! e vlv.

i

v-- v,=

from which :
Al = 2 t/_/(ema)P'.

(5.2)

Figure 5.1 shows the dependence offal on_ for 4 cases of satellite

systems with masses i_='/,0_,'/, _, '/8_ and '/,_ for e = 3 in the space

bounded by the present lunar orbit. We see that the width of the supply

zones increases rapidly with distance from the Earth.

: Jo

!

Q

Figure 5.1. Dependence of

the width of the supvly zones
of satellites on their dis-

tance from the Earth:

t -- _ m '/'_C;

t -- p =_ 'I_{;

Then the mass of material included in an annular zone with boundaries

l, and 4, will be:

r

and the total geocentric momentum of the material of the zone:
L

i ...... + | x

i "' _l,_q
q, t
I ......... v-; .... :++ _ ' - _ ................

The arrangement of the satellites

in their own zones depends on the con-

centration of material toward the center

of the swarm. It can be evaluated for

satellites, for which there is no tidal

interaction with the central body

during the growth process. We introduce,

as previously, (cf. Chapter 4)some

effective surface density of the swarm

o, which is the time integral of the

actual surface density of the swarm at

a given distance. Let o be distributed

in the swarm according to t'he law:

o ,-, l-+. (5.3)
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q

The latter determines the position /, of the satellite forming in the

zone :

' KI, - Ih 1/'_ = Ko,
,- .._

where u s is the mass Of the satellite. Hence:

Vr. = (2- ,,)(_?-,_ :/._
¢/, - q) (l_-' - t_"l

V'F.= FT,- Fr,
In (l_./ll)

for l q:#2" 2,5,
(5.5)

i£ori q --- 2. (5.6)

The outer boundary of the zone has a greater effect on the resulting

distance l. for q<2, and the inner boundary for q>2. For q = 2, we

obtain 1, close to the geometric mean of the zone. It was noted in

Chapter 4.5 that satisfactory agreement with the present momentum of the

Earth-Moon system is obtained if one assumes that the surface density

of Just the captured material satisfies the relation:

_.-t_, (5.7)

where I _ b _2.5. The transition of captured particles into circular

orbits with direct motion indicates a decrease in the average distance

of the particle from 4, at which it began re_olving around the Earth,

to the distance _ according to the formula:

tb. 1/'Gm--_,_ (5.8)

from which l = constI_. With such "restructuring" of the swarm, its den-
@

sity changes according to the law:

= " (5.9)

substituting 4 from .(5.8) 9 we have:
3

= zol_'_ l-_I', q b + T" (5. I0)

We note that the condensation of the swarm_ which is caused by the

growth in mass of the Earth does not change the concentration exponent,

since all distances of particles are contracted by the same number of

times. It follows from (5.7) and (5.10):

2.5_q<_4. (5.11)

For such-values of q, the position of the satellite in its zone is

close to the inner boundary 4. This implies that the protomoon closest

to the Earth must have been located in the immediate vicinity of the

Roche limit (2.89 H for a liquid satellite and about 2.8 R for a solid

satellite of radius )I i0 S km). By rounding off, we can set the dis-

tance of protomoon No, i equal to 3 R. Then, by making use of Relation /133
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Figure 5.2. Diagram of the
masses and relative distances

for the observed multiple sys-

tems according to G.P. Kuiper.

The various systems of proto-
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on the figure.
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(5.2) for the width of the supply zones

of the protomoons, one can find the

sequence of distances of successive

protomoons having adjacent supply zones, •

One can arrange within the sphere of

influence' of the Earth no more than

7 protomoons with masses, 1/2 _,-, or

9 with 1/31,_, or 10 with 1/51,;, or ll

with 1/101,,. One can arrange within

the present lunar orbit 6-9 protomoons

with the selected masses respectively

The number of such protomoons should

be considered maximum, since we have

neglected the eccentricities of the !

satellite orbits and their tidal with-'

drawal in the process of growth.

Let us compare these formal systems with actual multiple systems

of celestial bodies. One can use for this the diagram compiled by

Kuiper in 1949 for all observed multiple systems [3]. Figure 5.2, _ ,-

which is borrowed from this work, presents on a logarithmic scale the

dependence of A 3 on the average mass of the satellites _:
Q

A = t,- !:
,/, (l, + t,) ' ( 5.12 )

where _l, and 4 is _the distance of the satellites from the central body.

/

i

i,

t

If one constructs a single (very rough) dependence for all the

bodies of the solar system, beginning with the small asteroids and

ending with the large planets, then it forms a straight line on the

Kuiper graph, corresponding to:

jt/A'---tO-'. (5.13 )

But if one excludes the asteroids and the irregul_ satellites of

Jupiter, then it appears that a larger part of the planets and satel-

lites satisfies the relation:

where A = 1.8 for the planets (satellites) of comparable mass (curve I)

and 3,6 for the planets (satellites) greatly differing in mass (curve

2). The band for the corresponding interval of values of A forms a

i
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sequence on the diagram, whose extension into the upper right corner

also includes miltiple stars (cf. shaded region of Figure 5.2).

Bode's law on the Kuiper diagram corresponds to a horizontal

straight line, which reflects significantly more poorly the observed

distances. The models of systems of protomoons with adjacent supply

zones do not fall onto the presented sequence, the closest protomoons

being farthest of all from it. Either a very significant decrease in

masses of the satellites (by 3 orders of magnitude), or a comparatively

small (by 2 or 3 times) increase in the distances between them would

be required for coincidence with actual systems. Thus, if one takes

every other protomoon, then their systems are moved close to the main

sequence on the Kuiper diagram in Just that portion, which refers to

a system of satellites of comparable mass. Thus, we could obtain a

system of 4 protomoons with masses 1/21t._ and distances of 3, 6, 14.5,

50; or 4 protomoons with masses I/3pc at distances of 3, 5.5, 11.5,

31; or 5 protomoons with masses I/5_( and distances 3, 5, 9, 22, 60; or

6 protomoons with masses 1/10p_ in orbits with radii of 3, 4.5, 7, 12,

25 and somewhat greater than 60 R. We see that there are many possi-

bilities for constructing a system of satellites of the Earth, which

are arranged within the present lunar orbit, With a total mass close

to the mass of the Moon and in a dynamic relation similar to actual

"satellite systems.

)

"4

5.2. Dynamic History of a Double-Satellite System of the Earth as an

Example of the 'Prehistor_ of the Earth-Moon System

Further limitation of the possible number of protomoons results .

from the fact that the later merging of the large masses must have •

occurred before the generation of the relief observed at present on

the Moon. The largest-scale formation on the Moon, undoubtedly of

impact origin, is Mare Imbrium. Its structure indicates that the

body impacting on the Moon came from a circumterrestrial orbit and

had a radius of about 150 km. The age of the excavation of Mare

Imbrium is estimated as approximately 3.9 " 109 years (cf. Chapter 1.2).

The Moon as a single body has existed no less than 4.0 • 109 years.

In the epoch (3,9 - 4.0) ' 10 9 years ago the Moon was significantly

closer to the EaPth than now. For the different versions of the change

155



L

L, .

k

P

in time of the tidal lag angle (cf. Figure 2.S), the distance of the

Moon from the Earth was at the same time no more than B0 R. Hence, it

follows that at distances of about S0 R and farther from the Earth,

there could have existed only small asterold-type satellites, and

the orbit of the farthest° large protomoon must have been in the range

(20-25) R. This limits the possible number of large protomoons with

masses (1/2 - 1/S)ft_ to only S at most or even to 2, if one takes into

account the transient exlstenc_.ofa protomoon in an orbit of radius

S R (the most rapid tidal wlthdrawal). There also could not have been

more than B or 4 smaller protomoons with masses (1/5 - 1/10)_c .

In order to more clearly understand the tidal evolution of a sys-

tem of several satellites around the Earth, there is interest first of

all in considering the dynamic history of a system consisting of the

Earth and two large satellites with masses the order of _/2. A spe-

cific example of this type was investigated by A.S. Syzdykov, Ye.V.

Nikolayeva and the author _4,5J.

It is well known that for each of several satellites causing tides

on the planet, only their interaction with the tidal bulges caused by

themselves has signlficancej and the cross effect of the satellites

on each other is small in the general case. The exceptions are the

cases of satellites having periods with small ratios, for example,

of the type i : 2, 2 : 3, S : 4 (but not 1 : l!). Only in these cases

can the tidal evolution of the orbits proceed under special conditions

with conservation of'the similarity of the system. We will discuss

this effect in more detail in the following chapter. Here we will

consider the general case_ when tidal friction acting independently on

each of two satellites causes the nearer satellite to overtake the

further, until their periods approach the approximate ratio l:l. By

an approximate ratio of this type, we mean the state when the satel-

lites are moving in orbits with approximately the same period (their

frequencies m I and m 2 differ by an amount Am, where Am << ml, Am << m2):

The main factor in the evolution of the system then becomes their mu-

tual perturbations with close transits. We will change from the long

tidal time scale to the short scale measured by the periods of revolu-

tion of the satellites around the Earth. The effect of tidal friction

can be neglected on the short scale.
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We consider for simplicity the motion of two satellites in one

plane xy, whose origin is at the center of the Earth. We assume that I

all three bodies of the problem - the Earth and the two satellites -

are material points, where the mass of the Earth is taken as unity,

the masses of the satellites as m and m' < I. Then the system of

equations of motion in vector form can be written in the form:

_,, _(,+m), (r'-, )= r" + Gin' _ _ ,

d_r' G(| + m') ,' ( r' )-_-= r" ÷Gin r- rAs r I' ,

(5.15)

2 2
where r and r' are the radius vector of the masses m and m'; r = x

+ y2; r,2 = x,2 + y,2; A2 = (x - x') 2 + (y _.y,)2; A is the relative

distance between the bodies m and m'. As is well known, the system

of equations of motion for three finite masses can be solved only in

numerical form.

Y

Several cases of initially unperturbed circular motion of satel-

lites in close orbits, when the difference in radii of the orbits

does not exceed the radius of the sphere of influence of each of the

satellites :

r -- r' _< I = rm'. _ 0.t3 r. (5.16)

_wer e investigated numerically with the help of the BESM-4 computer.

The initial position of the satellites in the orbits was usually

specified so that the masses m and m' formed a right triangle with

the central mass located at the vertex of the right angle, in order
t

that the satellite in the near orbit could overtake the more slowly

moving far satellite (Figure 5.3). The distance between the satellites

at first was then much greater than the radius of the _phere of influ-

ence of each:

Ao_l. : (5,17)

, The distance between the satellites changed during the motion,

where close transits became possible.

The motion of a pale of satellites with the same masses m = m' =

I/2m( was investigated during several orbits, which made it possible

to approximately evaluate the perturbations of the orbits and the

lifetime of such double_satellite systems.
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Figure 5.3. Diagram of

the initial conditions
of motion.

The calculations were carried out with

a constant increment, but close approaches

were recalculated with a variable increment.

Of course, the error 6 accumulated with the

l'large number of increments, since 8 _ n3/2![6],_

where n is the number of increments, but it

had an insignificant effect on the final

result. The errors in the calculation can

be related in part to the choice of initial

conditions, since they were taken arbitrarily.

The calculations were carried out for various

initial data satisfying the! Condition (5.17).

Figure 5.4 and 5.5 present the results of

the calculations for four initial values of the radii of the orbits of

the satellites:

t) r ----4R, r' _ 4,5/P; 2) r = 8R, r' = 8.5R;

3) r- 10R, r' _=9,511; 4)r = ISR, r' = 14,5R.

In all cases, the initially nonintersecting circular orbits of

the satellites changed into elliptical intersecting orbits after one or

two orbits because of the mutual perturbations. In cases l, 3 and 4

close approaches at distances approximately equaling the sum of the

"radii of the bodies were obtained over the calculation time, which

must correspond to a physical collision of the satellites, if the

motion of extended masses differs little from the considered motion

of point masses. Nefther ejection from the system nor fall to the

Earth was found for cases i and 2. One can evaluate the probable time,

during which the satellites experience a physical collision, from the

frequency of intersections of the orbits. We use the empirical formula;

_,= _P -T" (5.18)

Here _ is the number of orbits after which one intersection of the

orbits occurs; p is the average period of revolution of the satellites;

is the average radius of the orbits; d is the diameter of the satel-

lite. One can determine s graphically for the first two versions;

for the versions with more separated orbitS, one can Use the formula:

•e = (x,),(Hr,)'_, (5.19 )

where (_c)4A ,is the collision time at a unit distance. Estimates of
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the times between collisions in the plane case are presented below:

;'/. .... 4 e 8 ,o ,5
a ...... 0.3 0.4 0.4 -- --

p, _n.l • • 50 _ 90 150 200 370

Tc ..... t day 35day D.21year 0.3 yearO.gyeari

The evolution time in the three-dimensional case is 2 or 3 orders

of magnitude greater; however, it Will be _ I00 years, which is small

as compared to the tidal time scale of 106 - 108 years [7S.

Thus, it is seen with the help of the analyzed specific example of

the evolution of a double-satellite system that for an approximate sim-

ple ratio of the periods of i:i, the lifetime of such a system is

small compared to the duration of its tidal evolution. Consequently,

we have the right to limit the consideration to the mutual gravitational

perturbations of the satellites only. The main result of the evolu-

tion of the orbits included within 20 R, as we have already seen, is the

collision of the satellites with velocities approximately equaling the

parabolic velocity at their surface, i.e. 42Gmi/a i. Ejection of one

of the satellites from the sphere of influence of the Earth or the

fall to Earth of one of the satellites is possible as a particular

case of a strong perturbation only with close approaches of the satel-

lites in orbits with a semimaJor axis of (16 - 20) R and will not

occur at smaller distances.

We estimate the release of energy with the merging of satellites

with comparable masses _l and _2' when _i + _2 = _'_ The merging of

such large bodies is an impact with a significant velocity determined

by their gravitational interaction. The sum of the impact energy E i

and the rearrangement energy Er of the two masses Pl and _2' which is

converted mainly to heat, can be evaluated from the following arguments.

The total energy of the system of the two homogeneous spherical masses

_l and _2 located at an infinitely great distance at first at rest with

respect to each other equals the sum of their potential energies as

spheres :

• E,, =_U,, + Ut, = -- T _, T -_-" (5.2 0)
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Plane motion of a double-satellite system for ,,,-_'_ p(/2

Digits on the orbits - increment number.

With the collision, disintegration and merging into one homogeneous

sphere with the mass _I +_2' the kinetic energy of motion and the mass

rearrangement energy are expended in the disintegration, heating and

radiation from the surface. The total energy of the newly formed

sphere iS :

•" _.... 3 _7(l_,r-l-l_')' i-

160



The difference of El2 and E is the unknown sum of the energies:

_[ cI_,-I-,L,)' c,L,_ c_ l
_]_ it I I,;,----$- - r r, r, " (5.22)

The kinetic energy of motion of the bodies "at infinity" should also

be added here if it is not equal to zero. The collision of bodies

with masses about 1/2 - 1/3 the mass of the Moon occurs with a velocity

of about 2 km/sec, whereas impact with a velocity the order of 0.2 km/

sec is sufficient for the disintegration of stony bodies. Energy

losses to radiation with the collision of two moon-like masses are

small, since the time for impact and unification is less than one hour.

We can assume that the sum E i + Er is expended mainly in heating the en-

tire mass.

D

4 •

For _, :: its=-: _L,c/2 E, _ Er =_ 0,37[ El. The corresponding increase in

temperature is about 600°C. In the case, when the merging of a mass

_1 = .|t:_/3 with an equal mass _2 occurs at first, and then a mass U S

also equaling it_/S combines with them, and the heat is not able to es-

cape, the increase in temperature is about 900°C. If one takes the

equilibrium value of about 300°K for the initial temperature of the

bodies, then as a result of the merging of large protomoons, one could,

in principle, obtain a temperature for the interior of the Moon of

900°K and higher.

I

The problem of the "Joining" of two large bodies is deserving of

a more detailed investigation, since it could help one to understand

the inhomogenelties of the structure and the high initial temperature

of the newly formed mass.

/141

5.S. Differences in the Che_ositlon of the Moon and Earth

The difference in the average densities of the Earth (5.52 gm/cm S)

and the Moon (3.B4 gm/cm B) indicates that their global chemical com-

position is not the same, since only a difference in the pressures

inside these bodies could not alone give such a large difference in

densities. If the core of the Earth consists mainly of iron, then

it is about S5% of the entire Earth, whereas no more than !14-15% of

the Moon [8]. There couldn't be any significant iron core in the Moon

(cf. Chapter 1.4). Xf the core of the Earth consisted of the metallized
. I
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identical masses f,.= ,.":=IL_r/2)
• • "+.

"'-r 0 • ,q,SR, ro _: loll; 6-+r 0 _= l_,5f_, .ro-_ 15I_+

The remaining notation the same

as in Figure 5.4.

material of the mantle, then the

relative iron content in both bodies

could be almost the same. However,

. differences in the content of the

volatile and high-melting elements

would still remain in the Moon and

in the Earth (cf. Chapter 1.2). With

a silicate core of the Earth, the

, r iron content in the Earth-Moon sys-

tem would be the minimum of the

terrestrial planets, and thereby

the monotonic decrease in the amount

of iron from Mercury to Mars, which

is observed with the + iron core of

the Earth, would be violated [9,10].

There is as yet no reliable experi-

mental data attesting in favor of a

silicate core of the Earth. Thus,

the p_oblem of the difference in

the chemical composition of the Moon

and the Earth with an iron core and

with different contents of the vola-

tile and high-melting elements still

remains open. This problem is a part

of the more general problem of ex-

iplaining the differences in the chem-

lical composition of the satellites
J

I and planets. It is likely that there

! will not be found a single case of

i complete coincidence of composition

of a satellite and its planet. We

will turn again to this problem in

the sixth chapter.

::];he _.arth and Moon in two aspects:

.main components, i.e., silicon and iron, and the difference in the con-
i

rtent of the vol_tlle and hl_h-meltlng elements, We will proceed from

In this section, we will consi-

der the difference in composition of

the difference in the ratio of the



the dynamics of the formation of the circumterrestrial swarm [II].

Sorting of the smallest particles with capture into the swarm

and the related enrichment of the material of the Moon wlth silicates.

Over the tlme of accumulation of the Earth and the evolution of the

clrcumterrestrial swarm, the preplanetary particles and bodies passed

through repeated mutual collisions with velocities of several kilo-

meters per second. It is natural to pose the question whether a sys-

tematic difference in the dimensions appeared between particles of

different chemical composition and, consequently, of different physical

and mechanical properties• Such a difference would first appear for

metallic (iron) and silicate particles.

As Orowan [12] has shown, stony particles are brittle and give

a large number of the smallest fragments as a result of collisions,

whereas iron particles are ductile and plastic at rather low temper-

atures. They do not fracture in collisions, but merge, in contrast to

stony particles. L.B. Al'tshuler and I.I. Sharipdzhanov have also

noted a number of factors (strength, weldabillty), which stimulate

the leading growth of iron particles in the preplanetary cloud [8].

Recent experiments on the collisions of metallic particles [13] have

shown that in a wlde interval of velocities - from 0.5 to _ I0 km/sec-

metallic-particles are welde_ together, whereas for veiocities less

"than 0.5 km/sec, they experience a semi-elastic repulsion. Experiments

with silicate particles [14] have verified the idea of Orowan that the

behavior of silicate particles is completely opposite to the behavior of

metallic particles, %hat is, in the interval of collision velocities

1.5 to 9.5 km/sec, the disintergration of the particles predominates

over their adhesieno Only at velociteis less than 0.4 km/sec is their

unification possible under the condition that there is some sort of

cementing agent, for example, frozen volatile substances or electrostatic

charge on the surface of the silicate particles. Investigations of

the changes in material "processes" by impact with a velocity of sev-

eral kilometers per second have shown that brittle silicate and hydride

materials disintegrate into the smallest particles of micron and sub-

micron dimensions [15], which are impossible to obtain by other methods

of mechanical fractionation. Metals display only plastic deformation.

The results of these experiments could be comparatively simply applied

to the preplanetary particles, if they were strictly divided into

silicates and iron. However, a significant part of the iron in the
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preplanetary cloud could be oxidized and comprise particles in the

form of FeO or FeB04. The oxides belong to the brittle, rather than._

to the plastic materials• There aren't any detailed experimental data

for them on impacts with cosmic velocities. There is great interest

in comparing the results of impact-processing of iron oxides and sili-

con oxides as the basic structural elements of the preplanetary ma-

terial in the region of the terrestrial planets. There is an indica-

tion that at small velocities, the order of meters per second, the

crushing of silica SiO 2 is greater than the crushing of magnetite

Fe304 [16]. If the same behavior appeared also at cosmic velocities,

then the dependence of the composition and size of particles could be

represented in the form of a gradual increase in the iron content in

the most massive bodies and silicates in the smallest fraction. In

this case, a basis appears for the enrichment of the circumterrestrial

swarm by silicate material due to the predominating capture of the

small fraction.

ILAE

Let us explain this assertion with a specific example. Let the

distribution of the interplanetary particles and particles of the cir-

cumterrestrial swarm be described by exponential functions of the form_dN

(a) _ a-nda with exponents n I and n 2 respectively, where n I = 3.5;

n 2 = 2n I - 3 = 4.0 (cf. Chapter 4.2). We further assume that the den-

"sity of the preplanetary particles and bodies, which characterizes the

admixture of iron, smoothly increases with increasing size of the par-

ticles. We assume that the smallest particles of radius, say, Iv have

a density of _(ami n) '= 2.5 gm/cm 3 (approximately the same as the light-

est silicates without iron admixture), and the density of the largest

bodies of radius I000 km equalsii6(amax) = 4.1 gm/cm 3 (approximately

the same as the material of the Earth with the iron core at zero pres-

" _gmic:m_l sure and a total iron content of

-_ . jS'I._ about 35%).
- _ _

- Assuming that this dependence of

-z density on dimensions is linear-log-

l I I I I I I-¢ -z # Z _ I _m _ arithmic, we obtain:

8 (.) = 8 (._,.)!! + x/, |g (./a_,.)]. (5.23)
Figure 5.6. Hypotheticaldepen-

dence of the composition of pre- It is represented in the form of a
planetary bodies on their dimen-
sions, straight llne Joining the two selected
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extreme values off6 as a function of Ig a (Figure 5.6). Then one can

easily show that the average density of the material for the ensemble

of particles with exponents nI = 3.5, from which the Earth presumably
grew, will be:

----6 (am,.)[! -.I- '/, ]g (.,,,._Ja.,,.) -- 0,t451 _ 4.0! 8micro3_ (5.24)

i.e. the density and, consequently, the macrocomposition close to the

present composition of the Earth. For the ensemble with the distri-

bution with n 2 = 4, which is characteristic of the circumterrestrial

swarm, we obtain the average density=

= (.,,,,°).+ v,.,g =--=s.51 (5.25)
i.e. a composition similar to the composition of the Moon in iron

content.

In spite of the extreme simplification, this example clearly in-

dicates the possibility of the fractlonation of bodies by chemical

composition, which results from the peculiarities of their growth

with the difference in physical and mechanical properties of their

component parts. Here we have been concerned only with the fraction-

ation of metals and silicates in general. The possibility of frac-

tionation between calcium and aluminum silicates on the one hand, and

magnesium and iron on the other, is discussed in the work of Kaula

[17] in connection with the enrichment of the material of the Moon
m

"by plagloclase, containing much CaO and AI203. There were undoubtedly

other sorting varieties in the formation of the satellite systems of

the other planets.

i

The _p__artia!__los_s of. the _vo__l_atile and semi-vo latile element s in

the circumterrestrial swarm and the related enrichme=n_t_pf__the_ma_t__E_i_

of the swarm with high-melting components. The lunar_asaz_s are re-
t

latively depleted as compared to the terrestrial basalts in many ele-

ments, whose common property is their volatility, and, conversely,

enriched with high-melting elements (cf. Chapter i). The basalts of

the lunar maria are the products of magmatic differentiation of great

depths of the Moon; thus, its composition reflects its global composi-

tion. The loss of volatile components of small atomic weight, in parti-

cular molecules of water, is possible from the surface of the Moon.

But the deficit in the lunar basalts as compared to terrestrial basalts

of the low-melting elements with atomic weights of about 200 can be
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explained only by their loss by the material of the Moon in the process

of its accumulation. This refers mainly to the elements Pb, Bi and T1.

The possibility of the deficit Inthe Moon of volatile elements results
from the peculiarities in the formation of the circumterrestrial swarm.

The active'formatlon of the swarm must have occurred during the time

when the mass of the growing Earth had reached approxlmately 2/5 - 2/3

of its present value. Thus, the circumterrestrlal swarm is a secondary

and later formation as compared to the Earth, and the material of the

Moon must have been in a scattered state longer - at first in the pre-

planetary cloud, then in circumterrestrlal orbits. This lag in accu-
mulation is no less than 5 " 107 - 108 years. The small bodies and

particles experienced over this time multiple collisions with velocities

determined by the perturbations of the nucleus of the Earth: in the

preplanetary cloud the peculiar velocities on the average of 3 - 4 km/

sec, with capture into the swarm 5 - 7 km/sec.

L

The large impact energy (up to 10 ll erg/gm) led to multiple frac-

turing of particles and the selective evaporation of material with the

subsequent condensation of the evaporated atoms onto solid particles

or being "blown away" under the effect of the solar wind. As Kuiper

showed [18], for a velocity of solar protons of 1000 - 3000 km/sec

the collision cross section of the protons for any atoms in interplane-

tary space is sufficiently large to ionize and eject them from the solar

system. This "blowing away" must have mainly affected the most vola-

tile substances (water, the low-melting elements Pb, Bi, T1), since
L

the high-melting substances were least subjected to selection. It is

natural to assume that those portions of the preplanetary material,

which fell into the satellite swarm, were already somewhat more de-

pleted in volatile compounds than those from which the nucleus of the

Earth was formed. The sorting process also continued with the further

simultaneous enrichment of the swarm and the growth of the Earth.

It can be shown that the preplanetary cloud in the radial dlrec-

tlon from the Sun had an optical thickness no greater than unity right _

up to the orbit of the Earth, if the distribution of the preplanetary

bodies foilowed the law dN(a)_ a'nlda, where ni<_3.5 with a mass of

the material equaling the mass of the terrestrial planets, and for
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108amax _ cm. Consequently, at least at the periphery of the circum-
terrestrial swarm, one can also expect a sufficient transparency. In

this region, each free atom of lead with a transverse cross section
1510- cm2, even with the present intensity of the solar wind of

2 • 108 protons/cm2-sec, has the possibility of colliding with an

energetic proton and flying from the swarm approximately once every

two months. The condensation of the atom onto a particle for an op-

tical thickness of the swarm T _ 1 occurs after a time comparable to

the time of revolution about the Earth, i.e., also several months at

the periphery of the swarm. If the solar wind was much more intensive

in the past than at present, then the ejection of the volatile ele-

ments from the outer part of the swarm must have been more effective

than their condensation onto particles. The volatile elements are not
selected with the accumulation of the Earth itself.

It should be expected that a majority of the elements were pre-

served in the inner, less transparent part of the swarm, since the

density of the swarm and consequently, the nontransparency must have

increased toward the center. One can assume, in particular, that

significantly less water appeared in the initial composition of the

Moon, than in the composition of the Earth. Anders assumes that the

relative water content in the Moon is 50 times less as compared to

the Earth [19J. This only strengthens the arguments expressed against

the existence of a hydrosphere and atmosphere in the early history

of the Moon with the assumption of the same relative water content in

both bodies. The explanation of the deficit of the volatile compo-

nents in the Moon by Anders and co-workers seems less plausible to

us, since they assume the coincidence of the very short epoch of con-

densation of the low-melting elements at the very earliest stage of

the preplanetary cloud (the first l05 - 106 years) with the epoch of

completion of the growth of the Earth and Moon. The growth itself,

according to present ideas, extended no less than l08 years, in favor

of which the data of space chemistry also indicates [20J. Ringwood

[21S explains the deficit of volatile compounds, as we do, by the solar

wind. However, his model for the formation of the Moon from a primary

thick iron-silicate atmosphere of the Earth is unfounded (too short

a time scale for the formation of the Earth, unclear mechanism for the

formation of a satellite from the atmosphere, etc.; cf. Chapter 3.2).
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5.4. History of the Lunar Atmosphere

The problem of the loss of the volatile components of the lunar

material before its accumulation closely adjoins the problem of the

loss of vapors and gases from the lunar surface. The Moon at present

has no atmosphere, and the lifetime _or any very tenuous cloud of

gases with atomic weight less than 40 (argon) does not exceed l08 years

[22]. The heavier gases or vapors could have been held to the surface

of the Moon by its gravitational force for a longer time. The absence

on the Moon of even a thin envelope of the heaviest inert gases -

krypton and xenon - speaks in favor of the blowing away of all traces

of the lunar atmosphere by the solar wind, sinme in the opposite case

such an envelope could have been accumulated over the time of existence

of the Moon.

There is also interest in evaluating the maximum thickness of the

lunar atmosphere in the past and also in determining the possibility

of the existence of water in the liquid phase on the early surface of

the Moon. it had already been shown in 1963 in work [233 that with

the gradual degassing and defluidization of the lunar interior in the

process of heating of the Moon by radiogenic heat, there could have

been on the Moon in the past only a very thin atmosphere of water vapor,

carbon dioxide and nitrogen - the main components of the degassing of

the interior of the terrestrial planets. The remaining components of

the atmosphere were in negligibly small quantities. It was also estab-

lished that there could never have been water in the liquid phase_ if

it were released from the interior of the M_on approximately the same

as on the Earth. Direct investigations of the chemical composition

of lunar rocks, begun in 1969, have shown that there are no sedimentary

rocks on the surface of the Moon, no hydrated silicates, no traces of

water erosion, no frozen water. Thus, our calculations have been

verified. At the same time, the theoretical predictions of Gilvarry

[24] on the existence of seas of water on the Moon in the past and .'_

Urey [25] on the existence of lunar rivers in the past have fallen. !

The initial content of volatile components in the Moon is now estimated

as much lower than on the Earth. There is no direct data for water,

but according to the ratio found in lunar samples for the volatile " !

thallium to the nonvolatile uranium ((Tl/U)Moon = 2 . 10 -4 (Tl/U)cosm),
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Anders and others [19] estimate the primary cosmic amount of water in

tne Moon as equivalent to a layer on the surface of thickness at most

22 m. Meanwhile, the '!terrestrial" content would give a layer of thick-

ness 1 km, and it was for this larger value that we reached the negative

conclusion in 1963 about the existence on the Moon of a hydrosphere and

dense atmosphere in the past. One can now assert with even greater

assurance that there was never liquid water on the surface of the Moon,

and the search for permafrost under the surface would hardly be successful.

We will present here an estimate of the density of the atmosphere

of the Moon during the epoch of degassing of the interior according to

K23S. It is natural to assume that the period of active degassing of

the interior of the Moon lasted approximately as long as the epoch of _

the great lava flows, i.e. about one billion years. This length of

the epoch of maximum melting oflthe interior of the Moon is obtained

from the data on its thermal evolution.

%

We assume that the composition of gases enriching the lunar atmos-

phere was similar to that of the Earth. The data usually taken for

the Earth is that of Ruby [26], according to whom about 330 kg of H20,

18 kg of CO2, 6 kg of C12, I kg of N2, 0.5 kg of S and 0.2 kg of H 2

,were released from the interior per square centimeter oi" surface over

the entire history of the mar_h. For the same inltial concentration of

volatile substances in the Moon and for the same cegree of dlfferenti-

atlon of its interior there must have been released, to 1 cm 2 of its

surface, 6 times smaller amount o_" the volatlle components. Actually,

the volatile compounds released were i0 - 20 times less, since the

lunar material from the very beginning was poorer in volatile substances

than the Earth [19]. The total amount of water on the lunar surface

was evidently little more than 2 kg/cm 2, CO 2 - 100 gm/cm 2, and nitro-

gen, sulfur and hydrogen were even significantly less. By taking into

account that there was little chlorine and that because of its great
&

chemical activity it could combine with rocks, it can be neglected in

considering the lunar atmosphere.

The uniform release from the interior during the course of 10 9

years of the amount of water and carbon dioxide assumed above determines _

i
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the flux of volatile compounds F 0 through the lunar surface into the

atmosphere. The accumulation of the atmosphere is accompanied by an

increase in the flux of molecules dissipating from it. The thickness

of the atmosphere can grow only until the flux from the interior is

comparable to the flux lost into space. The time for establishing

such an equilibrium is very small, the order of 108 sec. The density

of the atmosphere calculated for such an "equilibrium" state during the

degassing period should be considered the maximum in the history of

the Moon, since with a decrease in the emission of volatile components

from the interior the atmosphere must have dissipated and reached its

present extremely tenuous state.

The estimate of the loss rate of the atmosphere is usually carried

out with the well-known formula of Jeans for dissipationj giving the

number of particles L lost by the entire atmosphere per second:

i t_ = 4_n,' __ .,e-_',(t + v,), ,i re. (5.26)

where

Y = _-_-' _ =v _ ' (5.:_7)

M¢ is the mass of the Moon, R is the distance from its center, • is

tne gas content, T is the temperature of the atmosphere, U is the

molecular weight, n is the number or particles per cm 3. The index i

•indicates that the corresponaing quantities refer to the level from

which the dissipation occurs. If the atmosphere consisted of one

type of molecule, then, by equating the quantity L/4_R_ (where R 0 is

the radius of the Moon) to the flux F 0 of particles released from the

interiorj one could find from Formula (5.26) the concentration of

particles nI at the dissipation level and proceed from it to the con-

centration n O at the surface, which is p_rticularly simple to accom-

plish in the case of an isothermal _tmosphere, for which the barometric

formula gives :

","-_""-_"o_-_''' (5.2B)

'j

In the case of a malti-component atmosphere, such a calculation

gives the correct order of magnitude of the.density nn only for the

•most abundant component - water vapor: n o _ If0! 2_ e,m3 Vf'or T ' 40O.°K. -:The-_

condition for the dissipation level RI!

170



O@

_= I "_ d/_'< I,
,,, (5.29)

where o is the effective cross section of the molecules, z is _he opti-

cal thickness. Condition (5.29) indicates that at the dissipation level

the molecular mean free path must be the order of the radius of the

planet.

The Moon has a comparatively small mass, and thus the barometric

formula gives a rather weak decline in the density of the atmosphere

with altitude, while for some n O greater than a specified limit, one

can describe cases when the theoretical dissipation level is either

very far from the surface or is not reached at all. However, this does

not imply that the dissipation of the atmosphere becomes ineffective.

Actually, the dissipation level must be determined by the real physical'

boundary of the atmosphere R 2. It is obvious first of all that the

atmosphere cannot extend further than the level corresponding to Y =

3/2, at which the mean thermal velocity of _olecules equals the para-

bolic velocity and, consequently, the molecules are no longer held by

the gravity of the Moon. For molecules of H20 atl T = 400°K, the bound-

ary of the atmosphere defined in this way is R2 % i0 R 0. However, be-

cause of the effect of the "solar wind," which blows away the atmos-

phere more effectively the greater its size (_ R_), the actual boundary

#%

.of the atmosphere is significantly closer,

We assume that at a distance of i AU from the Sun the corpuscular

flux (protons) with an average velocity of ray e = 200 km/sec is 109

particles/cm2-sec. Since i0 I0 - I0 II molecules/cm2-sec are released

from the interior of the Moon_ then_ by taking the cross section of

only the Moon itself _R_, we find that there are 40 - 4000 molecules

released from inside per particle of the "solar wind" incident on the

Moon. Even having very high energies, the particles cannot remove

by collisions such a large number of molecules from the surface of the

Moon, especially since the momentum of the particles is directed toward

the Moon and only a small part of the molecules, with which they col-

lide, can Obtain a momentum directed outwaPd from the Moon. But if

the atmosphere has a dimension R2 _ R 0, then the effectiveness of its

blowing away is significantly greater. This also determines the outer

boundary of the atmosphere.

/149
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An approximate estimate of the location of the boundary can be

made in the following manner. We will assume that the effective blow-

ing away of the atmosphere is produced by particles flying tangent to

the lunar surface at the distance R 2 in a band of width AR 2, where

each proton encounters Just as many molecules as it can eject into

space. The momentum delivered by the protons to the atmosphere is

m H 2_R2AR2Vave_ .109 per second. It must equal the mass of the gases .

4_R_UmHF0' released from the interior of the Moon per second, multiplied

by the escape velocity at the distance R2, equaling 42GM/R 2. Taking

F0 = l0 ll cm-2. sec _I, _ = 18, we _ind:
;,-Y7 -n=an = 1,8.to.n V"ZGM/n,. (5.30)

The quantity AR 2 must be the order of the altltuOe ol' the homogeneous

atmosphere H. _ince the surface aenstty (the total number of molecules

in tne path of the partleles per cm 2) decreases with R more gradually

than the volume density, then hR 2 equals at least 2H:

2Rz 2Ill '
i Altz_2H= _----_.

Thus, we have:
!

= 2 ,6y0. (5.3l)
I

For _ = 18 at T = 400°g, Y0 " 15.2 and R _ 580'I, and at T = 1000°K,

_Y0 = 6.1 and Rr - 3.5 B0.

The blowing away oI' the upper part of the atmosphere by _he "solar

.wins" is a supplementary me'cnanzsm In the loss of gases, slnce it is

accompanied by _he expansion of tne entire a_mosphere into the vacuum.

Thus, the rigorous solution of the problem of the aissipation or the

lunar atmosphere requires the development of a theory of the loss of :

gases of a nonsteady-state expanding atmosphere. Sinee there is no

such theory, and we are interested in the maximum estimate of the

density of the atmosphere, we will consider the effect of enly the

thermal dissipation of gases, assigning to the •particle blowing the

role of only a factor limiting the dimension of the atmosphere. In

accordance with this, we take the following model of the lunar atmos-

phere :

I. We take R2 = 5R 0 at T = 400°K and R2 3.5 R at T = IO00°K

as the boundary of the multl-component atmosphere.

2. Because of the sharp dlfferencein temperatures on the day

and night sides, the atmosphere is mixed conVectively and the relative
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concentration of gases is the same at all altitudes.

3. The density dlstribution up to the level R2 corresponds to

the barometric formula for the isothermal atmosphere with an average

molecular weight P.i

4. The dissipation level R I is determined by Condition (5.29):
H. It,

o .I I. (5. $2)
It_ H,

where a is the effective molecular collision cross section (o_i0-151).
I

Eliminating n I with the help of (5.26) i- (5.28) and expressing L in

terms of the flux F0, we find the relation for YI:

e_'' i + Y, eY'
--ElY, 4- B r_ --: -.,rj.- gtY_,

where
eY

B := _ Yn f dt)r_ -_' E_Y = iie _' = _ ;
II

(5.33)

RI is determined, according to (5.27), by YI" We take the value of

R I found for the most abundant component for all the gases. At T =

400°_ R 1 = B.SS R 0 and at T = 1000°K, R 1 = 1.68 R0.

5. The amount of dissipating gases equals the amount of gases

,released from the interior:

i L = 4_n_o. (5.34)

6. Since a larger part of the lunar atmosphere is accessible for

irradiation by the ultraviolet radiation of the Sun, C02 and H20 are

absent in the upper part of the atmosphere and, in panticular, at the

dissipation level. In place of them, there are the corresponding

number of CO, 0 and H2 molecules, which also determine the dissipation

rate.

It should be emphasized that the assumption about dissociation

significantly affects the results, since C02 dissipates much more grad-

ually than CO. At the same time, the dissociation of H20 accelerates

the dissipation by only 2 times. Since the degree of aissoclatlon of _

n20 and CO 2 is unknown at the lunar surface itself, our calculations

of n U is performed rot two extreme versions: the case of complete
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dissociation and the case when there is no dissociation.

The values of YI are found for each gas separately from the assumed

values of R I, and the concentrations n I and average molecular weight

at the dissipation level are calculated with the help of relations

(5.26) and (5.34). Then the transition is made to the cdncentratlon

n O at the surface:

,, := ,,,_v.-_.. ( 5.35

from the barometric formula for _. In the second version _ increases

approaching the surface. Since this change does not strongly affect

the estimate of nO , one can bake without large error 5 as a constant

equaling the average of its values at the surface and at the level

R I. The results of the calculations are presented in Table 8.

At a temperature of 40O°K, the density of the lunar atmosphere is

the order of l0 ll - l012 cm -S, and at 1000°_mat most the order or

l0 S molecules per cm 3. However, for densities of _ 108cm -3, tne mean

1"ree path becomes large and the molecules often collide with the sur-

face of the Moon, assuming its temperature. Although high temperatures

are natural in a tenuous atmosphere at great distances from the surface,

the cooling role of the surface in this case is great. Thus, values

are also presented for the case when T increases with R according to a

power law, changing from 400°K at the surface to 1000°K at the dissi-

pation level.

Since the maximum density presented in the table corresponds to a

density in the terrestrial atmosphere at an altitude the order of 150 km

and higher, the first version should evidently be preferred. As was

already noted, the calculation is based on the assumption that thermal

dissipation is the only mechanism for the loss of gases and thus gives

an upper limit of the density of the lunar atmosphere. If the roles of

thermal dissipation and the solar wind were comparable in the removal

of the lunar atmosphere, then the actual values of n o must be approxi-

mately two times lower than those presented in the table. Thus, one

can assume that the density of the lunar atmosphere during the epoch

Of active release of Eases from the lunar interior was I0 l0 - l0 ll atoms/

cm 3, i.e. a billion times less than the density of the atmosphere at the

surface of the Earth,
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TABLE 8

_ITION OF THE EARLY ATMOSPHERE OF THE MOON
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C02
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/cm_ weight

I,,i .|0 'e 2,7 i

8.10 I_' 2,1
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1,5.10. 1.8 !

H 2
,
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_./cm3 l
.!

I 1,4.10'* O..q
i .|0'*
! ! 2,2

i
i

i 5,!0 4 0,6

. 7.101 5_1

I 1,0. I0" 1,5.10. 1.10'

II 1,1.10. 2.10' , 9-I0'

•100° K

i 1,5.10" 31
I,I.I0" 51

1000 ° K

11o5"!07 2_I •
i' 2.10_ :18
i

400--1000 ° K;

2.10.

3.10'

. -.. •

L

%by
weight

At a temperature of 400°K, the density of saturated water vapor

is about l014 molecules/cm 3, i.e. four orders of magnitude greater

than the maximum value presented in the table. Hence, it follows that

there could have been no liquid water On the Moon during the release

of water from the interior over more than 105 • years. This result is

in clear contradiction to the conclusion of Gilvarry [24] on the exis-

tence of oceans on the Moon in the past over the course of billions

of years, which was al.so reached on the basis of calculations of the

rate of thermal dissipation of water vapor. Gilvarry takes 79 kg/cm 2

as the amount of water released from the lunar interior and assumes that

it was all released over a short time. However, the main reasons for

the divergence is not this, but the extremely long times for the loss

of water by the Moon, which was found by Gilvarry: about 30 billion

years at T = 400°L and about 3 billion years at T = 2000 - 3000°K.

This result was obtained because of internal inconsistencies in the

model of the atmosphere assumed by Gilvarry. Its dissipation level

is located at an altitude of 2300 km above the surface of the Moon.

This corresponds to a density at the surface at 400°K, 3 orders of mag-

nitude lower than the density of the saturated vapor. Since the actual

density must be close to the latter, then the time for the loss of

water by the Moon was overestimated by approximately, the same 3 orders

of magnitude.

!
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We see that there were never conditions on the Moon for the exis-

tence of a hydrosphere or any significant atmosphere. Thus, it is ex-

tremely unlikely that complex organic compounds llke amino acids were

synthesized, as postulated by Sagan in his early works [27].

It has been shown in this chapter that the participation in the

formation of the Moon of large bodies comparable in mass results

naturally from the dynamic peculiarities of the satellite swarm. More-

over, such a picture.of the ,formation agrees better with the necessity

of an initial high temperature of the Moon and the large-scale inhomogen-

eities in its interior than the formation directly from small bodies

and particles.

Furthermore, the explanation of the differences in the chemical

composition of the Moon and Earth within the framework of this model

can be related to frac_ionation processes in the small component of the

preplanetary material and the material of the satellite swarm at the

stage preceding the formation of the large bodies. The satellite

swarm was enriched with the small fraction, which because of tolli-

sions was depleted in iron and metals and also the volatile components,

and instead of this was enriched with silicates, mainly aluminum and

calcium silicates and the high-milting micro-elements.

The problem of the deficit of volatile elements in the Moon adjoins

the problem on the loss of water and atmospheric gases from the surface

of the Moon in the course of its evolution. By taking one billion

years as a characteristic time for degassing and defluidization of

the interior and _he "terrest2ial '_ content of water and gases, which

is evidently greatly overestimated for the Moon, we have obtained

that the lunar atmosphere could never have reached densities above

10 -8 - 10 -9 of that of the Earth and that there never was water in

the liquid phase on the surface of the Moon. This conclusion completely

agrees with the facts.

176



i.

.

0

.

o

b

.

.

e

10.

II.

12.

14.

REFERENCES

Ruskol, Ye.L. Model of the Accumulation of the Moon, which is

Compatible with the Data on the Composition and Age of Lunar

Rocks. Moon, Vol. 6, No. 1/2, 1973, p. 176.

Safronov, V.S. Evolyutsiya doplanetnovo oblaka i obrazovaniye
Zemll i planet (Evolution of the Preplanetary Cloud and the

Formation of the Earth and Planets). Moscow, Nauka Press, 1969.

Kuiper, G.P. The Law of Planetary and Satellite Distances.

Astrophys. J., Vol. I09, No. 2, 1949, p. 308.

Syzdykov, A.S. Issledovaniye dinamicheskoy istorii dvukhsputnikovoy
sistemy chislennym metodom (Numerical Investigation of the

Dynamic History of a Double-Satellite System). Thesis, Moscow

State University, 1973.

Ruskol, Ye.L., Ye.V. Nikolayeva, A.S. Syzdykov. Dynamic History

of a Plane Double-Satellite System. Moon, Vol. 12, No. l, 1975,

p. 3.

Chebotarev, G.A. Analiticheskiye i chislennye metody nebesnoy
mekhaniki (Analytic and Numerical Methods of Celestial Mechanics).

Moscow-Leningrad, Nauka Press, 1965.

Ruskol, Ye.L. Ridal Evolution of the Earth-Moon System.
SSSR, seriya geofiziki, No. 2, 1963, p. 216.

Izv. AN

At'tshuler, L.V., I.I. Sharipdzhanov. On the Distribution of l_on
in the Earth and its Chemical Differentiation. Izv. AN SSSR,

Fizika Zemli, No. 4, 1971, p. 3.

Reynolds, R.T., A.L. Summers. Calculations on the Composition of
the Terrestrial Planets. J. Geophys. Res., Vol. 74, No. 10,

1969, p. 2494.

Kozlovskaya, S.V. Total Iron Content in the Terrestrial Planets.

Proc. Internat. Colloq. Geol. and Phys. of the Moon and Terres-

trial Planets, Roma, April 1974, in press.

Ruskol, Ye.L. On the Possible Difference in Chemical Composition
of the Earth and Moon with the Formation of the Moon from the

Circumterrestrial Swarm. Astronomicheskiy zhurnal, Vol. 48,

No. 6, 1971, p. 1336.

Orowan, E. Density of the Moon and Nucleation of Planets.

Vol. 222, 1969, p. 867.

Nature,

Dietzel, H., G. Neukum, P. Ranser. Micrometeoroid Simulation
Studies on Metal Targets. J. Geophys. Res., Vol. 77, 1972,

pp. 1375.

Kerr,dEe, J.F., J.F. Vedder. Accretionary Processes in the Early
Solar System, _ An experimental approach. Science, Vol. 177,

1972, p. 161.

177



15.

16.

17.

18.

19.

20.

21.

22.

23.

27.

Dremin, A.M., O;:N. Breusov. Physical and Chemical Processes with

Impact Compression. Vestnik AN SSSR, No. 9, 1971, p. 55.

Yushkin, N.P. Mekhanicheskiye svoystva mineralov (Mechanical

Properties of Minerals). Leningrad, Nauka Press, 1971.

Kaula, W.M. Mechanical Processes Affecting the Differentiation
of the Protolunar Material. In the book: Kosmokhimiya Luny i

planet (Space Chemistry of the Moon and Planets). Moscow,
Nauka Press, 1975, in press.

Kuiper, G.P. Comets and the Dissipation of the Solar Nebula.

La Physique des Cometes Louvain, 1953, p. 361.

In:

Krahebuhl, U., R. Ganapathy, J.W. Morgan, E. Anders. Volatile

Elements in Apollo-16 Samples: Possible for Outgassing of the

Moon. Science, Vol. 180, 1973, p. 858.

Mitler, H.E. The Cambridge Cosmochemistry Symposium.

Vol. 20, 1973, p. 54.

Icarus,

Ringwood, A.E. The Origin of the Moon, Precipitation Hypothesis.
Earth and Planet. Science Letters, No. 8, 1970, p. 131.

Zharkov, V.N., V.L. Pan'kov, A.A. Kalachinikov, A.I. Osnach.
Vvedeniye v fiziku Luny (Introduction to the Physics of the Moon).

Moscow, Nauka Press, 1969.

Safronov, V.S., Ye.L. Ruskol. History of the Lunar Atmosphere and

the Possibility of the Presence of Ice and Organic Compounds

on the Moon. Voprocy kosmogonii, Vol. 9, 1963, p_ 203.

Gilvarry, J.J. Origin and Nature of Lunar Surface Features.

Nature, Vol. 188, 1960, p. 886.

Urey, H.C. Water on the Moon. Nature, Vol. 216, 1967, p. 1094.

Ruby, V. Geological History of the Oceans. In the book: Zemnaya
kora (Crust of the Earth). Moscow, Foreign Literature Press,

1957.

Saganj C. 'Indigeneous Organic Matter on the Moon.

Acad. Sci. USA, Vol. 46, No. 4, 1960, p. 393.

Proe. Nat.

178



Chapter 6

FORMATION OF THE SATELLITES OF THE OTHER PLANETS OF THE SOLAR SYSTEM

Until now we have considered the formation and evolution of the

satellite swarm only in connection with the origin of the Moon in

orbit around the Earth. An analogous process must have occurred with •

each growing planet, and our model of the formation of the Moon must

be also applicable to the formation of other natural satellites of

planets .....

In recent years it has been learned in connection with progress

in studying the internal structure and composition of the planets that

there are not two, but at least three groups of large planets in the

solar system: I) the terrestrial group consisting mainly of heavy

oxides and depleted not only in the gases H and He, but also in the

group C, N, 0 according to their cosmic abundance; 2) the Jovian planets

Jupiter and Saturn, in whose composition the mixture of H and He pre-

dominates; 3) the planets Uranus and Neptune, in whose composition the

compounds of hydrogen with elements of the group C, N, 0 - mainly

_ater in the liquid state - appear [1J. As yet there are no data about

the composition of Pluto.

The planets of the first and third groups accumulated the pre-

planetary material primarily in the form of solid particles, the main

flux of material for Jupiter and Saturn was due to the accretion of

gas. The diversity of conditions of growth of the planets themselves

reflected on the conditions for the formation of the satellite systems.

We will consider here two types of satellite swarms: for planets

without gas accretion and for planets with accretion.

The theory of gas accretion by Jupiter and Saturn is itself not

yet sufficiently developed, although the general nature of the process

has been described in quantitative form. The pattern of formation of

the planets Uranus and Neptune is not yeh clear, since much material

was blown o_t of the solar system from the region of these planets.
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Thus, our consideration of the formation of satellites should be con-

sidered preliminary.

We will also discuss the evolution of satellite systems. There

is reason to think that some satellites fell to the planets, after

approaching them because of tidal drag. Others changed their orbits

such that commensurability of the periods of revolution was established.

We will also evaluate the maximum effect of tidal friction on the or-

bital inclination of satellites to the equator of the planets and,

finally, we will present information about the parameter Q for the

Jovian planets.

6.1. History of the Satellite Swarms of the Terrestrial Planets

The four terrestrial planets - Mercury, Venus, the Earth and Mars

have at present three satellites in all: the Moon with a mass of 1/81

of the mass of the Earth, Phobos and Deimos with a total mass of 2 • lO "B

of the mass of Mars, which in turn is only 10 times smaller than the

Earth. Mercury, which is 2 times smaller in mass than Mars, has no

satellites. Venus also has no satellites, although its mass is close

to that of the Earth and exceeds the mass of Mars by 8 times. It

seems impossible to devise a single theory, which would explain such

a great difference in the present ratios of the masses of satellites

to the mass of the planets. However, one can try to take into account

the evolution of satellite systems of the terrestrial planets and to

reconstruct the picture, which was produced soon after the formation

of the planets. The basic factors of the evolution were evidently

tidal friction in the systems of Mercury and Venus and the decisive role

of external impacts in the system of Mars.

The disappearance of the satellites of the slowly rotating planets

Mercury and Venus. The rotation of Mercury and Venus around their

ax@s occurs so slowly that the specific momenta of both p_anets deviates

significantly from the empirical straight line connecting the values

of momenta of all the other planets (cf. Figure 3.3). The closeness

of these planets to the Sun and also the synchronization of the fre-

quency of the rotation of Mercury with the angular frequency of its
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Figure 6.1. Tidal interaction
of a satellite with a slowly

rotating planet.

motion near perihelion, where the tidal

friction is particularly strong K2S

undoubtedly indicates the leading role

of tidal friction in slowing the ro-

tation of these planets. Evidently,

the dissipat'ion parameter Q for Mer-

cury and Venus is no greater than 100.

It is possible that both planets were

slowed down very long ago at the beginning of the existence of the

solar system (at least, Mercury). In this case, one can try to find

out what satellite system a slowly rotating planet will have. Such

an investigation was performed recently by J. Burns during his work at

the IFZ AN SSSR [3], and independently shortly after by Ward and Reid

[4]. Our further discussion of this problem is quoted from [3].

%

We will consider only direct satellites. For satellites with re-

trograde revolution, the e_fect of the fall to a planet with any angular

velocity of its rotation is obvious, but with the condition of a suf-

ficiently large dissipation of tidal energy in the interior of the

planet E5S. The sign of the difference (_ - m) is important in the

case of direct satellites. Mercury now has direct rotation with a

period of 58,663 +- 0.021 days, Venus has retrograde rotation with a

period of 243.09 -+ 0.18 days KSJ. Direct satellites in circular or-

bits within the entire sphere of influence for both planets must revolve

more rapidly than the surface of the planet rotates, i.e. _ - mK0. In

this case, a lead of the tidal bulge with respect to the culmination

of the satellite is observed on the planet, and not a lag (Figure 6.1):

the satellite is slowed, and its Orbit contracts toward the planet at

an ever increasing rate. The final result can be only the destruction

within the Roche limit and fall to the planet. The equation for the

change in the semimaJor axis of the orbit of a satellite m will be:

d. 31_=G"M '/'ma "/'I{ s sin 25 ,/3(G,11__s),,, d.q--: =- aT (6 l)d!

The time of contraction of the satellite orbit from the radius I = a/R

to the surface of the planet is:

At = '/,3 (3C P)-'l' (q/k,) (Mira)
(6.2)

It is smaller, the larger the mass of the satellite and the closer it

is located to the planet at formation, FigUre 6.2 shows the dependence

11 _66
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Figure 6.2. Critical re-
lations of the mass and

orbital radius for satel-

lites of Mercury (1) and

Venus (2): digits on the
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Figure 6.3. Photographs of Phobos (a) and
Deimos (b), obtained from Mariner-9_

of mass and distance for satellites of Venus and Mercury, which sep-

arates the region of disappearing satellites and the region of pre-

served satellites after a time At. It was assumed that _ = 1O0; _ =O,95

for Mercury and 0.25 for Venus. The time At Was taken as half the

age of the solar system, that is 2.S " 109 years.

The latter assumption is equivalent to the hypothesis that the

mlowing of the planets themselves by the solar tides to their present

slow rotation also lasted no more than half the time of existence of

the solar system, i.e. 2.B " lO 9 years. The meaning of Figure 6.2 is

such that all satellites, for which the masses and distances occur to

the left and above the straight lines 1 and 2, must have had time to

fall to the planet. We see that satellites with radii no less than 1000

km for Venus and 500 km for Mercury could have fallen to the planet

from a distance of about 40 times the planetary radius. Smaller sat-

ellites could have fallen accordingly only from closer orbits. The

present slow retrograde rotation of Venus must be related to the fall

to its surface of a small retrograde satellite [5]. One can conclude

that Venus and Mercury in the past could have had significant satellite

swarms and then satellite system, which later disappeared as a result

of tidal evolution. The estimates presented above for the masses of

disappearing satellites should be considered preliminary, since until

now neither the present values of _ for Venus and Mercury nor the
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history of their tidal braking by the Sun are known. We will turn

again to the problem of the probable masses and momenta of the satel-

lite swarms of Mercury and Venus below.

Destruction of the small satellites of Mars b_ impacts of inter-

planetary bodies. The dimensions of the satellites of Mars are small.

If they are represented in the form of triaxlal ellipsoids, then the

semiaxes of Phobos will be 14 ± l; 11.5 ± I; 10 ± I km, and for Deimos

8 ± 2; 6 ± l; 5 ± I km with consideration of the irregularity of their

shape. Photographs of Phobos and Delmos, obtained from space (first by

Mariner-9 in 1971), are clear illustrations of the destruction of small

solid satellites by impacts of interplanetary bodies (cf. Figure 6.3).

The impact craters on Phobos and Deimos appears as holes without ridges;

This implies that all the rock ejected by the impact left the satel-

lite, which is not surprlslng, since the escape velocity at the surface

'of the satellites is at most I0 - 20 m/sec. The craters comparable

in size to the satellites themselves and also the irregular shape of

the latter indicate that they could be only fragments of larger bodies.

Consideration of the present bombardment in the region of the orbit of

Mars indicates that the satellites of Mars at present experience surface

erosion, but the extrapolation of this erosion into the past leads to

"initial" dimensions of Phobos and Deimos not greatly exceeding their

present dimensions [6]. At the same time, consideration of the much

more intensive bombardment at the concluding stage of growth of the

planets gives a significantly greater erosion for the past and even

fragmentation of bodies of asteroid dimensions. The circumstances for

collisions in the vicinity of Mars must have resembled the circumstances

close to the growing Earth, which we consider in Chapter 4.6. The

acceleration of bodies in the field of Marsequaling ¢2GMM/&, where l

is expressed in units of its radius, was approximately 2 times lower

than for the Earth at the same distance, but the velocity "at infinity"

could have been larger than in the zone of the Earth because of pertur-

bations from Jupiter. Thus, it has not been excluded that the original

dimensions of Phobos and Delmos were the order of hundreds and not tens

of kilometers. It is possible that the initial distances of the sat-

ellites of Mars were greater than the present distances. Lyttleton has

noted that for bombarding particles with a low planet-centered momentum

the satellite being disrupted, besides losing mass, also loses momentum
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and approaches the planet [7]. With a significant loss of mass, this

effect could be larger than the tidal effect. The present effect of

tidal friction on the size of the orbits of Phobos and Delmos is evi-

dently small because of their small mass. Phobos is now approaching

Mars, while Deimos is moving away, but the absolute rate of these

changes is insignificant.

Thus, the initial masses of the satellites of Mars could have been

2 or 3 orders of magnitude greater than the present masses; the dimen-

sions of their orbits could also have been greater. It should be noted

that if the radii of the satellites of Mars had once reached _ 400,

then the destruction would have been ineffective and the large satellites

would have remained intact up to the present. Thus, the radius of

400 can probably be considered as the upper limit for the satellites

of Mars.

Mass and planet-centered momentum of - the satellite swarms of the

terrestrial planets. Let us now apply the considerations on the forma-

tion of the terrestrial satellite swarm, which was developed in the

fourth chapter, to the other terrestrial planets.

The growth of the planets is described by Formula (4.6), the growth

of the satellite swarm by Formula (4.45). By neglecting the contribution

of the material of the swarm in the mass of the planet as compared to

its direct growth and by integrating separately the terms with Ul and

2' we have:
_L,(.II)_ D, (M' -- m_)/2,

!_ (_11)_ t_oe_l, 13/>2 (M", - .t_')l, ( 6.3 )

where, as before, _I denotes the contribution of "free-free" collisions

and U2 the contribution of "free-bound" collisions; M is the present

mass of the terrestrial planet, and the coefficients D I and D 2 have a

form analogous to (4.51) and (4.52), but with consideration of the

numerical corrections for the zones of the other planets, i.e. other

dimensions of the zones _, the effective particle size and the dimen-

sions of the sphere of influence of the planet.

We assume for simplicity that all these parameters for the ter-

restrial planets were the same. Then one can reach the conclusion that:
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l,,._ ,II2(neglectlng ,,_).

It..,"--I',e_l,[c..._!(II-- r,)l, (6.4)

where r 0 is the initial radius of the pl_net, to which _0 refers, and

R is the final radius of the planet. It is seen from relations (6.4)

that the dependence of the mass of the satellite swarm on the mass

of the planet cannot be represented as linear in any case. The con- --

tribution of "free-free" collisions _I increases as M 2, i.e. _l for

Mars and Mercury is 100 - 400 times, and for Venus 1.5 times smaller

than for the Earth. We have seen that the absolute contribution of

Ol is very small even for the Earth. Thus, it is smaller for the other

planets. The value of _2 depends on _0- the initial mass of the

swarm produced by "free-free" collisions and on an exponential factor,

which can behave differently. If, for example, the characteristic

time over which the mass of the swarm reaches the mass of the free

particles contained in the sphere of influence of the planet is large,

then it can be shown that r 0 _ R, i.e. over the time of growth of the

planet from r 0 to R the swarm did not reach the stage of rapid enrich-

ment due to the sticking together of previously free particles and remains

tenuous. A massive swarms which could not have been produced without

the "exponential" growth, was necessary for the formation of the Moon.

%

We assume that there was the same growth for the swarms of the

other planets, but that the total mass of the swarm was proportional

to _i" Although this is a somewhat artificial assumption, we can obtain

with its help a rough' upper limit for the mass of the satellite swans

and the equivalent radius of a single satellite aeq, which equal:

Mercury Venus Earth Mars

It/Itf .... ".. 2,5.10-' ! 0,6 1.0 O,O!-

aeq, x., ..... 250 _ 1500 17_ ,lO0

h i ,,i

Let us now evaluate the planet-centered momentum of the hypothe-

tical satellite swarms. We assume, as in Chapter 4, that it equals

Im . For the same concentration exponent of the material of the swarm,
C

the specific momentum! k----l_'o,c. Since:

i ,,,,=V i
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then :
I'| it|

I,._ m, w_, (6.5)

where • is the distance from the Sun, and the equivalent initial

distance of a circular satellite from its planet in units of its radius /160

4 == oJRcan be found from the relation:

k = Ir9,_o _: lr_ if77-J.l[7i _ Ifi_ M 'I',

i.e.: '.
'i a

4_k'DltI._m. (6.6)

We take 4 as 20 Ro for the Moon. we obtain the equivalent initial

distance of direct satellites for the different planets equaling 8R_

for Mercury, 14#_ for Venus, 20 I_o for the Earth and 30 H@ for Mars.

Thus, if one carries out a complete analogy to the Earth-Moon

system (which is Justified in this case in the absence of a better ap-

proach), then we obtain for Mercury and Venus satellites with a radius

of 250 and 1500 km respectively with orbits removed by 8 and 14 times

the planetary radii. Such satellites must have already disappeared

in falling to the planets, if the assumptions l on which the graph in

Figure 6.2 is based, are true. We have found for Mars the possibility

of having at the end of growth, satellites with a radius no greater than

400 km at a distance of 30R@, i.e. significantly more remote than Phobos

_and Deimos (their present distances are 2.76 and G.O2 /{_respectively).

It is encouraging that we have obtained an upper estimate for the ra-
.!

dius of a satellite of Mars by two different ways: first from the con-

siderations that a satellite of such a dimension would probably have

been little disrupted and remained intact up to the present in the form

of an asteroid bogy, and then from the analogy of the formation of the

swarms of Mars and Earth, although the estimate here is less convincing.

Thus, one can think that the present satellites of Mars are remnants

of larger bodies, which were formed about Mars in more remote orbits.

Let us evaluate the maximum contribution of the hypothetical

satellite systems of the planets Mercury and Venus to the rotation Of

these planets with their fall to the planet. This rotation is in ad-

dition to that which the planet acquired during its formation and. could

have lost due to solar tides until the approach of the satellites began

with the transfer of their orbital momentum. We will mare use of the

ideas developed in Chapter q.5.

186



TABLE 9

VALUES OF THE TOTAL MOMENTUM K BROUGHT TO THE PLANETS BY THE

Planet
i,

Mercury

Venus

SATELLITE SYSTEMS ....
,... , . , | __ • .

IIA/I * ( _,k (" K.'K

2,5.I0-'* 0,14 +3.5.10 4
O,O 0,73 _0,44 ,

We have specific momentum of the material of the satellites

k ot",M',; let the mass of the satellites _ _ M2 then we obtain the

following values for the total momentum K = k_ (in units of the initial

momentum of the Moon) (Table 9).

We see that the total momentum for Mercury would have been only

a thousandth of that of the Earth, and for Venus less than half that

of the Earth. Then the equivalent angular rotational velocity of the

different planets _ can be found from the relation:

_K =-I_-:MII _, _ _ M','._, _ _ KIM%,

i.e. in fractions of the terrestrial angular velocity:

==0.0 5 . = o.m . (6.7)

Here fiE is the angular velocity of the Earth, which it would have

acquired only die to the fail of satellites, i.e. if it had obtained

,_ momentum K + K_ (cf. Table 6).

By taking K + KU = 2 • 1041 CGS, which corresponds to the rotation

of the Earth with a period of 6 or 7 hours, we obtain an equivalent per-

Iod of rotation of the planets due to."falling sateilites" for Mercury

of _ hours and for Venus _ 10 hours, which :does not fail outside the

limits of the initial periods of rotation of the planets, which are not

less than several hours. By assuming that the initial rotation of Mer-

cury and Venus could have been slowed by solar tides to synchronization

with the period of revolution or almost to synchronization over half

the lifetime of the solar system, it is logical to assume that over

the second half of the lifetime Venus and Mercury are able to lose the

same rotation. The present rotation of Mercury completely corresponds

to synchronization [8], and Venus is not quite synchronized. It has

an axial momentum, comparatively small in absolute value and negative

in sign KV_2 • 1038 CGS _ - 4 ' I0 -3 KE. It is possible that this
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momentum was communicated to it by a small retrograde satellite falling

significantly later, because retrograde satellites were usually located

at the periphery of the satellite systems. There could have been a

satellite with a mass of about 0.0011,_moving in a retrograde orbit at

(1U - 20) RV when the rotation of Venus was synchronized to the orbital
period (direct rotation with a period of 225 days). For a larger mass
of the retrograde satellite, the orbital radius must be smaller.

But the cause of the appearance of the retrograde rotation of

Venus from an almost synchronized rotation could have been related to

solar tides in the atmosphere, for which a lead is possible [9]. This

theory is not yet developed. With the refinement of knowledge about

the physics of the atmosphere of Venus and also about the parameter Q

for its interior, a more complete representation about the history of

its rotation can be compiled. One can expect that Q for Venus is small

as compared with Q for the Earth. This is related to the fact that !

the aesthenospherlc layer of Venus can be found closer to the surface

(the difference in the boundary temperatures for the Earth and Venus
is about 300°). The change in content of radioactive elements at the

surface of Venus with the help of the Venera-8 spacecraft have high

values typical of terrestrial granites [i0]. This indicates the active

thermal history of Venus, the present hot state of its interi'or and

_mall values of Q.
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Thus, the history of the satellite swarms of the terrestrial planets,

considered according to the type of formation of the clrcumterrestrial

swarm, does not contradict present facts.

6.2. History'of the Satellite Systems of the Jovian Planets.

The Jovian planets - Jupiter, Saturn, Uranus, Neptune - have de-

veloped satellite systems. The various regularities of these systems

are well known. One of these is the similarity of the law of satellite

distances in the system of a given planet to the law of planetary dis-

tances from the Sun. Its main feature is the progressive increase in

distances between the more remote satellites. The origin of such a

law should be sought in the _xpansion of the supply zones of the growing

bodies with distance from the central body (cf. Chapter 5.1). However,
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besides the progressive increase in the intervals between the satellite

orbits, their periods of revolution are rather often in simple ratios

of the type 1:2; 2:3; 3:4; 2:5, etc. The nonrandom nature of such a

resonance structure of the satellite systems (and of the planetary sys-

tem itself) forces one to look for the cause of its generation in dis-

sipative processes. In recent times, tidal friction has been most often

considered as the dissipative process [llJ. A resistive medium and a i

nonconstant mass of the system could also be dissipative factors in

the representation of A.M. Molchanov [12].

Another characteristic of the satellite systems of the Jovian

planets is the closeness to the planets of the most massive satellites;

their distances expressed in fractions of the radius of the sphere of

influence of the planet are very small; their orbits are regular in

nature, i.e. close to circles and located in the equatorial plane of

the planet. Only satellites with small masses revolve at great dis-

tances from the Jovian planets and usually in very irregular orbits.

The present closeness to the Jovian planets of their largest satellites

is an indication that the tidal withdrawal in these systems has operated

less effectively than in the Earth-Moon system and in the hypothetical

systems of Mercury and Venus.

Another regularity of the satellite systems of the Jovian planets

is that their chemical composition never coincides with the composition

of the planets and differs within each system, if one Judges from the

densities of the satellites. There is evidently a general regularity

of a decrease in denslty of the satellites with distance from the

planet, similar to the regularity in the change of chemical composition

of the planets with distance from the Sun. It is sharply expressed for

the four Galilean satellites of Jupiter_ for which the masses and radii

are best known. Such a regularity for the system of Saturn is detected

only for the three most massive satellites - Dione, Titan, Iapetus,

the data on the densities for the remaining 7 satellites are insuf-

ficiently accurate. There are no data yet for the system of Uranus;

of the two satellites of Neptune, the inner satellite has the larger

density. "
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One should indicate some other pecularities of the satellite sys-

tems of the Jovian planets. Saturn has, besides l0 satellites, a ring

of solid particles revolving inside the Roche limit, which can serve

as a prototype of an ideally flattened system. Jupiter has, besides

its main system of 12 Csic) satellites, two groups of Trojan asteroids

located in the vloinlty of the triangular libration points L 4 and L5

(cf. Figure 4.2). The influence of Jupiter on the motion in the as-

teroid belt (the presence of "gaps") and also on the transformation of

comet orbits from long-period to short-period is well known. Thus,

Jupiter controls the motion of bodies not only within its sphere of
i

influence but also far beyond it.

Tidal evolution of the satellite systems of the Jovian planets.

The role of tidal friction in the satellite systems of the four Jovian

planets is clearly expressed in the sMnchronlzatlon of rotation of all

the close and massive satellites: they turn one hemisphere toward

the planets, as the Moon toward the Earth [13J. At the same time, the

consequences of tidal evolution on the dimensions of the satellite

orbits are scarcely perceived: they all are located within I0 or 20

times the radius of the central body, while the closest satellite

usually revolves almost at the Roche limit. Meanwhile, the tidal evo-

lution for all the satellites must have led to an expansion of the orbit,

since they revolve in the same direction as the planet, and for all

the satellites _>m. (The Neptune-Trlton system is an exception, in

which Triton moves opposite to the rotation of the planet and its orbit

must be contracting).' With a significant role of tidal friction, the

satellites could have withdrawn to distances of I0 - 20 times greater

than the present distances and still revolve at distances less than

half the radius of the spheres of influence of the planets. The pre-

sence of several satellites in the system of each planet permits es-

tabllshing the maximum boundaries of their tidal withdrawal from the

Roche limit to their present orbits. The withdrawal time of a satel-

lite is proportional to Q of its planet and inversely proportional to

the Love number k 2. By taking the duration of this allowable with-

drawal equal to the duration of the existence of the solar system, i.e.

(4.5 - 4.6).109 years, and by assigning a Love number typical for

solid bodies to the Terrestrial planets and values corresponding to liquid

homogeneous bodies to the Jovian planets, Goldreich and Soter [IS]
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obtained the following values of Q (Table I0).

VALUES OF THE

Planet

Mercury
Venus

the Earth

Mars

Jupiter
Saturn
Uranus

i ii i

2.4
_.!

G.4
3,4
71
6O
21

TABLE I0

PARAMETER Q FOR THE DIFFERENT PLANETS:

|R.IO-o,c 24.10-,5 q _. •. .
' i 11 " i nn i I .,

0,32 240 0.05
4,9 17 0,25
6,0 13 * 0.30
0,65 I0"* 0,10
1900 ::>IOss* 1,5
570 >6.10' 1.5
87 >.5.10 a 0,7

m The low value of Q for the Earth is due to the large role of the
oceans in dissipating tidal energy
,m The estimate of Q for Mars is based here on the already obsolete
data of Sharpless on the drag of Phobos (cf. [14]).

lmt According to mo_e correct estimates, k 2 for Jupiter is about 0.6
[15], thus Qj_ 4.10".

It is impossible to make an estimate of Q for the Neptune-Triton

system by the same method, since Triton is approachlng Neptune and

its initial orbit is unknown. At present, Triton revolves in retro-

grade motion at a distance of 13.33 times the planetary radius in an

orbit inclined at 20 ° to the equator of Neptune. Its orbit differs

,very little from a circle (e<10-3). If one assigns to Neptune the

same lower limit for Q as is obtained for Uranus, i.e. _ 5"104 then

the effect of tides on Neptune onthe eccentricity of the orbit of

Triton is too small to explain such a significant circularization.

Only tides caused by the planet on the satellite could lead to the cir-

cularization of an initially eccentric orbit for values of Q<500 for

Triton itself as for small solid or semi-liquid bodies.

The role of tidal friction in the origin of the commensurability

of the periods of revolution in satellite systems. Simple ratios of

the periods of revolution of neighboring satellites (resonance) can

be preserved and maintained with withdrawal of each of the satellites

from the planet due to tidal friction. Part of the orbital momentum

of the inner satellite is then transmitted to the outer satellite.

The commensurabilit_ is not preserved in the system without this addi-

tional transmission of momentum, because the inner satellite in the
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general case mvves away relatively

more rapidly than the outer, and

the resonance configuration is dis-

rupted.

The capture of one Satellite

into resonance with another has

been studied only with the simplest

models. The idea about the possi-

bility of such capture belongs toFigure 6.4. Configuration of the
orbits of Titan (i) and Hyperion

(2). Goldreich IllS, while the mechanism

for capture was studied in detail

by Greenberg for the pairs of satellites of Saturn - Titan-Hyperion

and Mimas-Tethys [16,17]. The Titan-Hyperion pair is convenient for

consideration in that Titan is l0 S times more massive than Hyperion.

Their periods of revolution are related as 3:4. The three interacting

bodies - Saturn, Titan and Hyperion - differ greatly in mass: M>>ml>>m 2.

Consequently, the outer satellite with mass m 2 is too small to perturb

m I or cause significant tides on Saturn. The small eccentricity of

the orbit of Titan is also convenient for the model. Thus, its orbit

can be considered as circular, whereas the orbit of Hyperion has a

significant eccentricity.
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As a result of resonance, the longitude of the conjunction of Titan

and Hyperion experiences a libration about the direction to the apocenter

of the orbit of Hyperion (Figure 6.4). It is convenient to describe

their configuration with the help of the "resonance variable" $ equaling:

_ =4_,--3_n--_,, (6.8)

%

where A is the average longitude of the satellite, m is the longitude

of the pericenter (the index 1 refers to Titan, the index 2 to Hyper-

ion). At present, the value of # oscillates about 180 ° with an ampli-

tude of 36 ° and a period of 640 days. The equation for the change with

time of the values of @, e 2 and n, where n<l is the ratio of the or-

bital periods of the satellites in the inertial reference system, can

be obtained from the Lagrange equations for the changes of the orbital

elements. The perturbing function characterizing the attraction of

mass m 2 by mass m I is represented in the form of trigonometric series,

from which it is sufficient to consider only the long-period terms.
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d'-/-= _ \_-ff/F (.) cos_,

,re, " ! /.,I\-..
,I-7"= -T __) i,i";sin _I,,

(6.9)

(6.1o)

(6.11)

The function F (n) is a dimensionless expression of the order of unity,

determined from the expansion of the perturbing function. The quantity /166

8_ const<0 represents the rate of change in the period because of

tidal friction; it replaces the more precise expression:

,_
,,_ " _ \"' / \'_!/ Q ' (6.12)

.

which can be considered constant only in the first approximation, when

one can neglect the change in the semimaJor axis a 1.

If there were no tidal friction in the system (6=0), then the

resonance variable @ would run through all values from 0 to 360 ° . For

B # 0, the typical nonresonance system, in which _ initially circulates

over all values of angles, n is not equal to a ratio of small simple

numbers and e 2 is small, evolves to the state of the type of the pre-

sent system Titan-Hyperion, where _ performs only libration, n oscil-

lates about the value J/(J + i), where J is a small simple number,

and the eccentricity e2 increases (cf. [16j for more details)• Such

a state of the system is stable, when the libration of the resonance

parameter * occurs about 180 °, i.e. the conjunction of the satellites

occurs close to the apocenter of m 2. Here the satellites are most

widely separated and the gravitational perturbation of m I on m 2 is

minimum• In those cases when e 2 is small, stable configurations are

possible both for the conjunctions of satellites close to the apocenter

of m 2 and close to its pericenter. If the satellites have comparable

masses and orbital eccentricities, the description of their motions

is much more complicated, but the qualitative picture for the estab-

iishment of the period commensurability remains the same as in the case

under consideration This type of resonance is called "e-resonance"

since the orbit_l eccentricity plays the role in establishing it.

Another type of resonance motion in satellite systems is i-resonance,

encountered only for close satellites, whose orbits precess under the

effect of the equatorial bulge of the planet. The only known example
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of this kind is the pair of satellites of Saturn - Mimas-Tethys, whose

periods are related as 2:1. The resonance variable here:

where fl is the longitude of the angle of the corresponding satellite

in the equatorial plane of Saturn. The conjunction of the satellites

oscillates about the average between the nodes of their orbits [17S.

There is no doubt about the role of tidal friction in establishing the

described resonances in the systems of satellites of the Jovian planets.

It is not clear how general .such a picture is. Perhaps, in the case

of the motion of massive satellites around terrestrial planets, where

the tidal evolution occurs more rapidly, resonances should be considered

only as a particular case.

The effect of tidal friction on the ordering of the orbital in-

clinations of satellites with the system of satellites of Uranus as

an. example. The system of Uranus is significant with its own regu-

larity: the five satellites are arranged in almost circular orbits

practically precisely in the equatorial plane of the planet, whereas

the axis of Uranus is inclined to the axis of the ecliptic by 98 ° .

One can calculate that the precession of the axis of Uranus under

the influence of the solar effect on the equatorial bulge of Uranus
".

is very gradual: one revolution of the axis is accomplished in a

period of more than l0 l0 years. With this slow precession of the axis

of the planet, the orbits of the satellites preserve the constant or-

ientation to its equator [18S. Thus, if the orbits of the satellites

were inclined at some time to the equator of Uranus, then tidal fric-

tion can be considered the only conceivable cause forcing them to "lie"

on the equator K19S. we do not know the properties of the material

of Uranus, which determine the rate of tidal evolution of the satellite

orbits. However, it can be assumed that over the time of existence of

the solar system the change in the satellite orbits could not be greater

than the withdrawal of each of the satellites from the orbit of the

, preceding, and the withdrawal of the closest of the five satellites -

Miranda is no more than the withdrawal from the Roche limit (2.5 - 3) R

to its present distance of about 5R, where R is the radius of Uranus.

Thus, we can specify the limits of the change in ai, where ai is the

semimaJor axis of the satellite orbit. By making useof the fact that
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the mutual tidal effect of the satellites is small, we consider the

change in the angle of inclination ci of the orbit of each of the five

satellites to the equator of Uranus for the case of two bodies: the

given satellite and the planet.

It is more convenient to take the distance of the satellite from

the planet (or the semlmaJor axis of its orbit) as the independent

variable in place of the time. In thls case, the change In c can be

evaluated by applying the formula of Mac Donald (3.7), which was de-

rived by him for the case when the _idal torque is proportional to the

tidal phase lag:
d_ B (q) sin

da 2a (co, e - _) _ (q) • (6.14)

A relation for dn/da, analogous to (6.14), was derived by M.L. Lldov

[20] for the case when the tidal torque is proportional to the dif-

ference (fl - m):
dq t _in e
_-= 4_ co_,-_ " (6.15)

2
Relation (6.14) becomes (6.15) for small q •

The main angular momentum in the system of Uranus is included in

the rapidly rotating planet itself, i.e. the angle e - n is very

small. With the tidal withdrawal of the satellites, the axis of the

_lanet changes its position in space very insignificantly; the angle

e - n changes only by several seconds of arc. This means that during

the course of the tidal evolution, the equatorial plane of Uranus can

be assumed to be a fixed plane, i.e. one can assume c - n%0. The angu- /168

lar velocity of the axial rotation of Uranus is also very small. Thus,

we set:

_11, _._ co._t. (6.16)

By specifying the arbitrary _initlal '' values of the angle c, one can

obtain its change during the course of maximum withdrawal of the

satellites. The values of the present distances of the satellites of

Uranus are presented below:

No. of satellite _ 5 I 2 3

ai/_ !5,tl_ 7,52 |0._8 17.21 _.01 '

Under the assumption that each satellite could have withdrawn only

from the orbit of the preceding to its own orbit, all the distances
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could have increased by no more than 2 times.

In the case of small "initial" values of c(c _< 20) and for _ << I,

the simpler formula (6.15), with consideration of (6.16) gives:

-_ _o (a4.)'I,. ( 6.17 )

Hence, it follows that for an increase of(a)by 2 times, the angle c

decreases by approximately 20_. If, for example, the initial inclina-

tions were 20 ° , then the present inclinations would be about 16 ° , and

not 0°, as they actualiy are.

For e0 > 20 ° , the change in the angles of inclination should be

calculated from Formula (6.14). For all the satellites, the decrease

in the "initial angles of inclination taken in the interval 20°<¢<'arccos_,

as a rule, do not exceed i0 °.

For cos e - a < O, i.e. for £>ecr = arccos a, the derivative dq/da

is positive. However, for this da/dt < 0[9], i.e. approach of the

satellite toward the planet due to tidal friction occurs, and not with-

drawal. Consequently, the inclination of the orbit decreases with time

even in this case. For each circular orbit characterized by the quan-

tity a = w/fl, there exists only one value of ecr. Values of Zcr are

presented below for the radii of the circular orbits equaling the
%

Roche limit and the radii of the orbits of the five satellites of

Uranus :

a ',. • • • : 3 5 7 tO t7 23
. • --_t_lfl ..... 0.74t O,.M5 0,208 0,t22 0,055 0.035

', cr, . 4,.,,c9.8 7s.o 83.0.80.s

The largest change in e for a given change in (a) could occur close

to c = ecr. It is extremely unlikely that the initial orbits of the

satellites were actually located in just the planes with the critical

inclinations. Nonetheless, it is interesting to evaluate the change

in the angle c for such specially selected values of c0, so that an

estimate is obtained of its necessarily matimum change. Figure 6.5

presents examples of the calculations of the dependence n(a) for the

intervals of change In the semimaJor axis of the satellite orbits of

3R _ a 5 _ 5R (curve i)and 10R _ a S _ 17R (curve 2). For ¢ = ecr,
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Figure 6.5. Examples of tha
amximum changes in the angles

of inclination of the orbits

of the satellites of Uranus

to the plane of its equator;

the arrows indicate the di-

rection of change in the

angle s.

the curve n(a) has a vertical tangent

and two branches: along one of them the

angle , increases witlh (a), along the

other it decreases. The angle E also

behaves thusly in our case. But the

absolute changes in c are all insuffi-

cient here to give e = 0, i.e. the

coincidence of the orbital planes of

the satellites and the equator of the

planet. Calculations for satellites

with other possible intervals of changes

in (a) lead to an analogous picture, where

the absolute value of the changes in n

are smaller than shown in Figure 6.5.

There is a particular interest in the "initial" arrangement of

the planes of the satellite orbits in the ecliptic, i.e. E 0 = 98 °.

Since such satellites would be retrograde with respect to the rotation

of Uranus, tidal friction would lead to their approach toward the

planet, i.e. da/dt < 0. In this case, the value of dn/da in Equations

(6.14) and (6.15) would be positive, since (cos 98 ° - a)<<0, and we

would have at first a contraction of the orbital radii with a decrease

in the angle e, but only until e = Ccr (an idea was given above about

the numerical values of a and ecr in the present system of Uranus). -

The approach toward the planet must then change to separation from it
I

and a decrease in e. Then we would have withdrawal, limited by the

limits of the present orbits and not leading to e = 0°.

One can conclude that the present arrangement of the satellites

of Uranus in the plane of its equator is not a result of the tidal

evolution of initiallyi inclined orbits. The regular structure of

the system of Uranus must evidentlyhave arisen in the process of its

accumulation.
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6.3. Origin of the Satellites of the Jovian Planets

The problem of the origin of the Jovian planets and the role of

5as in their formation*. The main problem of the origin of JuDtter

and Saturn is the question of how these planets absorbed the llghtest

gases = hydrogen and helium, which became their predominating compo-

nents. Theoretically, there are three possibilities: I) the conden-

sation of all the gases of the preplanetary cloud onto solid particles

and then the accumulation of these particles into the planets; 2) the

formation of gas-dust clumps in the preplanetary cloud as a result of

its gravitational instability; 3) accretion of gases on the nuclei of

the Jovian planets, which were being formed by the accumulation of

solid particles composed of nonvolatile components.

The first version requires unacceptably low temperatures. The

condensation of hydrogen into the solid phase at a density characteris-

tic for the zone of Jupiter could have occurred at temperatures no

greater than 4 - 5°K and for the condensation of helium would have

required a temperature much less than l°K. It is obvious that the

condition for the condensation of helium into the solid phase is gen-

erally inaccessible in the galaxy.

Thus, the possibility of the condensation of hydrogen (without

helium) was studied under the conditions of the preplanetary cloud.

It was assumed that temperatures of 4 - 5°K could have been achieved

with screening of the' solar radiation. Models of Jupiter from hydro-

gen and heavier elements, excepting helium, were constructed from Just

such a hypothesis [22]. _ik [23], considering the main mass of Jupiter

as consisting of hydrogen and the atmosphere consisting of helium,

assumed that there could have been formed in the preplanetary cloud

snowflakes of H2, which precipitated with the other condensates through

the gaseous helium during the course of the entire process of growth

of Jupiter (of course, such "snowflakes" must have evaporated close

to the planet, which was heated due to the gravitational energy).

According to Opik, Jupiter captured the helium atmosphere at the end

of its growth. However, the atmosphere of Jupiter has a Composition

, , , ,,

* The contents of this paragraph are discussed in [21].
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similar to the composition of the main mass of the planet, i.e. pre-

dominantly hydrogen. Moreover, the assumption about the condensation

of hydrogen encounters difficulties. A.I. Lebedinskiy [24] showed

in 1960 that the energy of motion _of large solid bodies in a gas-dust

cloud, by agitating the motion of small dust particles and increasing

the frequency of mutual collisions, must heat it to temperatures from

5 to 30°K. In 1962, V.S. Safronov [25] evaluated the temperature of

the preplanetary cloud with consideration of heating by solar radiation

scattered in the gaseous component of the _loud, assuming the solar

radiation to be equivalent to that at present. It was found that for
the present luminosity of the Sun, the temperature of the dust layer

in the zone of Jupiter must have been no less than 35OK and in the

zone of Saturn 18°K. The tempemature of the gas component was even

higher, condensation of hydroEen Is excluded at such temperatures.

Thus, the first version for the formation of the Jovian planets has

to be rejected.

The second version - gravitational instability in the gas component

of the preplanetary cloud (H2 + He) - requires too great a mass of
the preplanetary cloud.

For the collapse into self-gravitational clumps, the gas density

P0 close to the central plane of the cloud must have reached a critical
value, which exceeds by 10 times the "smeared" density of the Sun:

I,* _-_l_/lJ 'J_t_'. where _ is the distance of Jupiter from the Sun. Since

the initial compositi'on of the cloud is close to that of the Sun, the

dust component was only I - 2_ by mass, and it cannot be taken into

account in evaluating the critical density in the gas. At a tempera-

ture of 35°K in the zone of Jupiter and 18°K in the zone of Saturn,
the total mass of material in the zones must have been no less than

5 " 1032g m _0.2._M_. This is equivalent to 250 times the mass of Jupiter,

Even if it is assumed that the gravitational instability developed with

the help of ring-shaped perturbations causing the collapse of part of

the cloud into a ring, which then collapsed into clumps (the critical

density for this Pcr>_2.1p m [26]), then the mass of the gas in the

zone of Jupiter and Saturn must have been at least 2.4 • 1032gm_0,12A_e,

or 120 times the mass of Jupiter. The perturbations of Jupiter and

Saturn could have ejected from the solar system only bodies with a
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total mass no more than I0 times the mass of Jupiter [27]. It is

difficult to understand how one could get rid of the remaining, more

than I00 times the mass of Jupiter.

One can conclude that the formation of clumps of solar compositiun

in the zones of Jupiter and Saturn did not occur, i.e. this version

also does not fit. It should be added that for the generation of the

other planets of the solar system, which do not have "solar," but

another composition, the mechanism of gravitational instability in the

gas is all the more inapplicable.

The third version - the accretion of gas by the growing planet -

is evidently the only acceptable version. The growth process in

this case consists of two stages. Only the accumulation of solid

particles and bodies occurs at the first stage in the preplanetary cloud

of solar composition, while the gas, since it is present, plays the

role of only a resisting medium. The second stage begins when the

solid nucleus of the planet reaches some mass M0: the gas is directed

toward the nucleus and combines with it, forming an increasingly thick

shell. The equation for axially symmetric accretion was already de-

rived in 1939 by Hoyle and Lyttleton, as applied to the capture of

interstellar gas by stars. In 1946, Hoyle [2US applied it to the

process of the condensation of the planets, by substituting the velo-

city of the planets with respect to the gas for the average thermal

velocity of the gas atoms. In 1952, Bondi [29] derived the equation

for spherically symm4tric accretion, which practically coincided wlth

that applied by Hoyle. The formula for the increase in mass due to

accretion is very simple :
d.l! 4._k (GM), p_

-dV _-= _ • (6.18)

Here p® and c are the density of the gasebus medium and the velocity

of sound far from the gravitational body, while A is a numerical para-

meter, which depends on the exponent 7:

where O= is the gas pressure

for the interval I_7_5/3J

far from the body.

(6.19)

We have I. I2_.<A<O. 25
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The accretion of gas can formally begin for that mass of the

nucleus, when its gravitational cross section _r_ becomes greater than
2

the geometric cross section _r • This mass is 1024 - 1025 gm for

thermal velocities of the atoms of about I km/sec. However, as was

shown by B.S. Safronov L26S, the mass fur the beginning of effective

accretion must be l0 S - 104 times greater, i.e. it must be at least

1 or 2 times the mass of the Earth or the order of 1% of the mass of

Jupiter and Saturn. Dole E30S later estimated this critical mass as

3 - 6 times the mass of the Earth. This estimate followed from a

comparison _of the rate of increase of the gaseous shell with its leak-

age rate due to thermal dissipation. Only for a value of Mo _ M_ is

a thick atmosphere formed with an infinitely increasing mass and in-

creasing density, which collects all the surrounding gas, instead of

a steady-state atmosphere of relatively small mass. Hoyle had already

noted that accretion is a rapidly accelerating process, which is ac-

companied by a great release of energy. Formula (6.18) was used by

V.S. Safronov [SiS to evaluate the initial temperature of Jupiter and

Saturn, which was very high (up to 17,000°K for Jupiter and up to

3600°K for Saturn).

J

All these calculations have indicated the possibility in principle

of forming Jupiter and Saturn in two stages with rapid accretion of

_gas in the final stage. However, there is no complete theory of the

growth of the Joivan planets. It is difficult to construct because

the supply zones of these planets intersected; some part of the material

was ejected from the'solar system. The hydrodynamics of accretion are

still insufficiently studied. Nonetheless, to construct a model of

the formation of the satellites of the Joivan planets, we will begin

with the simplest theory of the accretion of the planets themselves.

The formation of the satellites of the h2dro_en-helium planets.

The formation of the satellite swarms around the Jovian planets Jupiter

and Saturn must have occurred both at the stage of growth of the solid

nucleus of the planet (the stage like that of the growth of the terres-

trial planets) and at the stage of gas accretion. During the first

stage, both the planet and the swarm were supplied by the same source

- solid bodies and particles consisting of condensed material. At

the second stage, the planet rapidly captured gas in addition to solid
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bodies, while the supply of the swarm continued only due to the solid

component. In evaluating the total mass flowing through the swarm,

we must take into account both stages of its growth. But that portion

of the swarm, which was collected at the first stage, could not be

maintained in the form of satellites. The accretion of gas must have

increased the mass of the planet by tens or hundreds of times as com-

pared to the mass of the solid nucleus. The dimensions of the satellite
orbits must have then contracted in accordance with the Jeans invariant

:,,,o4_-,,/, where m0 is the initial mass of the planet, 4 is the initial
radius of the satellite orbit, and m and I are their current values.

All satellite orbits for nuclei with masses the order of that of the

Earth must have been located within several tens of the radius of the

nucleus of the planet. The contraction of the dimensions of the orbits
by 102 times leads inevitably to the absorption by the planet of all

the material of the swarm acquired during the first stage of growth.

Consequently, in evaluating the mass of the present satellite sys-

tems, we can neglect the first stage and consider only the second stage

the accretion of gas, when the supply of the planet and swarm came

from different sources. This is the basic difference in the formation

of the satellites of the hydrogen-helium planets and of the terrestrial"

planets. We have for the mass of the swarm _:
#It 41t: d_t= dlls
d-_ - -_- -I- -_- -F T, (6.20)

where _l is the contribution of the "free-free" collisions, while _2

is the contribution of "free-bound" collislons (of. Chapter q). The

term with _3 must be'added here in vlew of the obvious enrichment of

the swarm due to the sticking of dust particles in the gas flux flowing

toward the growing planet. Its evaluation requires a more detailed

knowledge of the hydrodynamics of the process of accretion, than we

have at present. If the dust density Pd is assumed proportional to

the gas density pg at all stages of the accretion process, then the

maximum increase in the mass of the swarm will be the same, as in the

case of the terrestrial planets, for the mass of the planet of about

(2/5 - I/2)Mpres. However, only the small..partlcles are actually

dragged away by the gas and contribute to _3' while the large bodies

move independently of the gas flux. The proportionality pd_pg is not

observed because of the different rate in scooping up of the gas and

solid material.
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Let us dwell on the estimate of the planet-centered momentum of

the satellite swarms of the hydrogen-heliUm planets. The participation

of the gas in their formation gives the basis for using the hydrodynamic

estimate of the momentum of the swarm (+ i/4Imc, version I) rather than

the estimate from the hypothesis of "solid-body" rotation (+ Imc, ver-
sion II), which we used for the swarms of the Terrestrial planets (cf.

Chapter 4.5). In the case of the Terrestrial planets, we obtained in

section 1 of this chapter very tentatively that the equivalent distance

of a direct satellite from the planet in fractions of its radius is
proportional to the distance from the Sun in astronomical units (l N_).

By takingJ_ =201_. as the r_re_ence Of'the initlal distance of the

satellite, we obtain the following initial distances I for the satel-

lites of JuPiter and Saturn in the two versions for evaluating the spe-

clfic momentum of the swarm:

l, ........ 7_0R J, ii00lt 9

I (Version I), 61ti3 ttAS

l(version-If) !OOR,j lS0_tS

The present massive satellites of Jupiter are arranged at distances

from 6Rj to 27Rj, while the "center of gravity" corresponds to _I5Rj. _

The massive satellites of Saturn revolve at distances from 3 to 60R s

"with a "center of gravity" at _20R s. Both of the formally obtained

"centers of gravity" of the satellite systems fall within the interval

between the values for the distanc_ of the "equivalent" satellite for

the extreme cases of the dependence of k on m s . As was previously

noted, tidal friction changed little the initial dimensions of the

satellite orbits• of the Jovian planets. Thus, the conversion to their

present dimensions is valid here.

In summing up, it can be noted that a theory for the formation

of the satellite systems in all their variety has yet been produced.

This chapter can be considered only as a first attempt to construct

such a theory, by using the relations derived in studying the formation

of the Moon with the accumulation of the Earth. With the growth of

knowledge about processes occurring at the periphery of the solar system

in its early stage, one can look forward to further development of

this model for the formation of the satellit_S.
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CONCLUSION

The investigation of the solar system with the help of space tech- /176

nology successfully moves forward. Tremendous progress is noted in

experimental and theoretical investigations of the properties of mater-

ial under conditions close to those in space; in the technique of

radioactive dating of rock samples; in the application of contemporary

computer technology for studying the behavior of complex dynamic and

physical systems. Of course, knowledge about the Earth has become

more abundant. All of this permits one to assume that in the near

future a correct representation will be worked out for the origin

and development of the solar system and. the Earth. The cosmogony of

the Moon and the satellites of the planets will always remain an im-

portant division of planetary cosmogony. The choice of theoretical

models for the formation of the Moon is still rather wide, since a

unique interpretation of the data on the Moon is a very complex problem.

We have presented arguments in favor of the model for the formation

of the Moon in an orbit about the Earth during the process of growth

of the Earth. The satellites in this model are the final product of

the "assembly" of particles and bodies, which formed satellite swarms

about the growing planets. Little studied problems include the chem-

_ical composition and regularity in its change among the satellites;

an evaluation of the planet-centered angular momentum of the satellite

swarms, investigation of the motions in the gas during the process of

growth of the planets along with the satellite swarms, the dynamics

of bodies at the periphery of the solar system, where the mass of

ejected bodies exceeds the mass of material accumulated into the planets,

the growth of Uranus and Neptune and the pecularltles in the formation

of their satellites.

B

We hope that these questions can be solved in the future, without

changing the essence of the models discussed in this book.
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Appendix to Chapter 2.3

FORMULATION OF THE PROBLEM ON THE TIDAL EVOLUTION OF A CIRCULAR

LUNAR ORBIT INCLINED TO THE EQUATOR OF THE EARTH, ACCORDING TO

P. GOLDREICH

The precession equations. Let us first consider the motion on

the short and intermediate time scales. For simplicity, one can

assume that the Earth is an oblate ellipsoid of rotation with principal

moments of inertia:

C -= I [| -/- (2k, HS/gGI) h'l,

A = I [t -- (k, R"/gGI) [_'l,

' ,(I)
i

(2)

where R is the equatorial radius, I is the moment of inertia of the

equivalent sphere, k is the so-called Love secular number equaling

ks = 0.947 according to [9].

The free nutation of the axis of the Earth can be neglected in

this problem, by assuming that the direction of its axis of rotation

coincides with the direction of the angular momentum. Forced nutation

under the effect of the Moon (its perlod Is now about 18 years) remains

in the equations.

The potential of the perturbing forces acting on the lunar orbit

due to the oblateness of the figure of the Earth, can be described in

" the form [30]:

It [ A_ As
B, =-;-t-_--P2(sinO)_-_--P,(sinO)+...], (3)

where _ ffiG(M + m), r is the Earth-Moon distance, e is the latitude,

and the coefficients An are determined by the deviation of the figure

of the Earth from a sphere_ because of axial symmetry AS - 0. With

an accuracy to A2 - - 2/SjR2, where J ffi3/2(C - A)/MR2:

itr t2 J /O ._ " _ "

The perturbing potential from the Sun acting on the Moon can be written

in the form [31]:

I,, "o ,- ]P,(cosS)+ (5)

207



O

Here r_ is the Earth-Sun distance; S is the angle between the Earth-

Moon and Earth-Sun directions; M(_,M and m are the masses of the Sun,

Earth and Moon respectively. As in the case of the potential RI, one

can be limited to terms with P2 only. Since the motions of the Moon

and the Sun are circular by assumption, then r=,. r_=a_.

The expressions for RI and R2 should be averaged on the short

time scale, in order to isolate the "secular" parts in them. It is

necessary for this to express the angles e and S in terms of the

Keplerian elements of the lunar and solar orbits with respect to the

Earth. Figure 2.9 shows the coordinate systems with the center at

the Earth, which are fixed to the planes Of motion of the Moon (XlX 2)

and the Sun (YIY2). We denote by i the angle between these planes,

and by _' the angular coordinate on the orbit of the Moon measured

from the node of the orbit (XIX 2) on the ecliptic (YIY2). The unit

vectors a, b, c denote the normals to the planes of the equator, the

lunar orbit and the ecliptic respectively. We denote by E the incli-

nation of the lunar orbit to the plane of the terrestrial equator (the

angle between a and b in Figure 2.9, a) and by T the angle between the

equator and the ecliptic (the angle between a and c in Figure 2.9, b).

Let $ and u be the angular coordinates of the Moon and Sun in the

planes of their orbits, measured respectively from the axes X 1 and YI'

as is shown in the figures. Then one can express the angles 8 and S

in terms of the orbital elements and obtain:

: sinO=sin_sin_, - (6)
I

cos ((p' -- 7,) -I" sin 2-_-'¢os (_ -1- u).cos $ = cos_
• - (7)

By substituting (6) into (4), we have"

2'It i_.t 3 3 • 2
i R, =--_---_-__ ( 2 4 sin_A--_ -'sin scos2(p).

In averaging over the period of revolution of the Moon, the term with

2_ vanishes, and we obtain the secular part of RI:

.2 it jR, (__ _ .___sin, _) "i =T i (8)

One can express the secular part of (5) in an analogous manner with :

the help of (7) in the form:
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One can write by analogy to (8) the secular part of the perturbing

potential "seen" by the Sun from the oblateness of the Earth:

2(;, Af.l lt: / ! 3 . _ ,,(\
• _3 ......... l';3,- --- -/--Sill" ) .3% _2 , (10)

The averaging of the motions of the Moon and Sun over the short time

scale implies physlcally the replacement of their masses by rotating

toruses equivalent in mass and located in the planes of the corresponding

orbits. One can find the mutual torque between the Earth, Moon and

Sun, by differentiating Rl' n2' _S with respect to ¢, i and y and

multiplying by the corresponding masses (m or Me). In vector form:
¢

a--.5- co. _, _,;-_-_[, ,

or, by taking into account that sin ¢ ffiJaXb I,

[tn| ---'2"
! I,}e.--- _-J_( (a.h)(ax h).i (II)

By analogY :

C M A f_
t Lo_ = JlP(a.c) Ca × c),

3 ( _'®'"_(,,.c)C,,× _.).

(12)

(13)

The equations for the torques should be supplemented by the ob-

vious relations:

I,_ = --L_ = L(a :<1,)(a.b),

L_o = --I,o_ -- K,(a × c)(a.c), (14)

L2o = -- l,o_ _ K,.(h "< c) (b.c),,

where the scaler quantities L, K I, K 2 are respectively:

.... 3_tM
•L -----_ Ja,, K, --- °--_-oIR', K..= T _,_/o_" (15)

If one now introduces the scalar symbols H and h for the magnitudes

of the angular momentum vectors for the axial rotation of the Earth

and the orbital motion of the Moon, then one can write the equations

for their change in the form:

d(ua) • ,I (l,b)= I,_, A- L_e, (16 )dt --= l'_])-_ L_e' dt " o

and with the substitution of (14) in the form:

(ua) :-. L (a 'x b) (a ..b) -- K, (e x a) (a. e),
dt t

i •

e_ --- V.(ax b)(a._,)+ K,(_x _)(b._)..I

(17)
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Hence, one can obtain the expressions for the scalar invariants in the

short and intermediate time scales, i.e. without consideration of the

effect of tidal friction.

Q

For this, we take the scalar product of Equations (16) with a and/180

b respectively. The right sides of the equations vanish because a and

b respectively appear in the mixed vector products. We have from the

first equation of (16):

,l(l/a) O" a.a ,nl ,Is ,lit 0. Ia ,7/ .... -,?_" q Ha. ,l-T _ T-: (18)
%

Consequently, H " const. Fromthesecond equation of (16), we obtain

by analogy :
< d__h0,

d,= (19)

i.e. h =. const.

If one now takes the scalar product of both equations (16) with

c and uses (18) and (19), then:

Ii_ _ /',(a.l,) Cax b).e, ", (20)

I:T_t (b-c1 = -- L (a. |,) (a X b). c, ,! (21)

Hence : ....

,_. ,t [H(a.c) -F h(|,.c)i = 0,
,t--T= _ ( 22 )

-i.e. X = const.

Thus, on the short and intermediate time scales, i.e. in the ab-

sence of tidal friction, the scalar magnitudes of the axial momentum

of the Earth H, the orbital momentum of the Moon h and the projection

of the total angular momentum of the Earth-Moon system onto the axis

of the ecliptic A are conserved. A fourth and last scalar invariant

can be obtained, if one forms the combination hHd(a.b)/dt:

' ("") = " ]
_t ,.__ qT Ca.c)j (a x b). c. ( 23 )

If one now multiplies Equation (20) by 2 (a.c)/H, Equation (21) by

2 (b.c)/h and Equation (22) by 2 (a.b), and then adds them, then this

gives :

'dX_d-_'. _-_"JlK'la'c)'+K'lb'cl'+Lla'b)'l=0" (24)

8
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According to the form, this is the sum of potential energies. The

integral of the energy X = const is a natural consequence of the con-

servation on the short and intermediate time scales of the scalar momenta

H and h, i.e. conservation separately of the kinetic energy of rotation

and revolution. All four invariants H, h, A and X change on the long

time scale.

Let us turn to the scalar form in describing the equations of

motion. We denote by w the scalar triple product (a X b) • c. Then

one can write:

,v_ -I(a x h).c r. (25)

By setting x = (a . c), y = (b.c), z = (a.b), w = (a X b) c, we obtain:

1 w'- ,-:1._ x, __ y, z2 1.2_.yz, t (26)

and also the remaining equations in scalar form:
e

i _ .-_ Ifx -i- by, _ (27)

' 7_:-" Klx' j" K,z!I_ 1" I,z', (28)

d_ L

_F = -IT z,v, , ( 29 )

., ,_-T--- ( 30 )

,, ( _, K, )7E'= _-Y---/T z w, (31)

w_ = t_-- z' -- y_ -- z' -[- 2xyz. ( 3 2 )

,In order to avoid the procedures for determining the sign of w as the

square root with the solution of (32), one can derive another equation

for w by using the remaining relations:

dt -- -- (33)

Four equations are sufficient to find all the unknowns, for example,

(27), (29), (31), (33). The variability of the quantities x,y,z,w

has a periodic nature. It is not difficult to show that w is positive

for half of the precession period9 negative the other half and passes

through zero twice during the precession Period.

/lu.__.!l

Equations of tidal friction. Let us now turn to the long time

scale and introduce the tidal torques. Equations (16) take the form:

i -dK/'la} =I,@) --J- I,@®-J-- T@, (34)
dt

i _t(hb)
_ =,I,_ -I- I,}® + Tj, (35)
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where T_ is the resultant tidal torque acting on the Earth; T_ is the

torque acting on the Moon. By taking the scalar product of the first

of these equations with a, and the second with b, we obtain (cf. (180):

,! If ,, •

,-fi-_-: I_.., (36)

_h
_-T == T_,. h. ( 37 )

By taking the scalar product of both equations with c, we have:

II _C = 'r0)"c -- .r'l'_) •a, " ( 38 )

h d!l

. , (39)

By taking the scalar products of Equations (34) and (35)with b and a

respectively and adding, we have:

d: 'ro+.b T], .a ( T_.a T.;,.b
,zT = _ -5 h =\_/---I----K-, j' (40)

_. =

It follows from Equations (36) - (39) :

_T _:={T_-t-T_).c. (41)

An equation for da/dt can be obtained from (37) for dh/dt. Since h =

m (_a) 1/2 then:
da

d-T :-- 2aTl'b/h" ( 42 )

By using (I), (4) and (17), one can flnd:

dKt 2K1 dH 2K1 T a, dh'_ 2K2 d.
d-T-=U/-'-JV=-TTU _" ,zt = _ 71T= h '

d£ 2L dl[ 3L d_ 2L 6r.T_.b (43)

l

Hence :

,\

dX 2K, .. " 2K, ($_.c-5 yT_.b)-5
4"-T= -fi-" x_e" c + --K-

/T@.b T), .a --4zT]_ .h'_
-5 2Lz, t-W- =_" ' h l "

(44)

If the torques To and 'l':_, are resolved along the coordinate axes

XlXlX 3 and YIYIY 3 (cf. Figure 2.9, a and b), then one can present the

equations of motion for the long time scale In scalar form. Let the

Unit vectors along the coordinate axes be el, e 2 and e 3 respectively.

They can be expressed in terms of a, b and e:

x I, .- (45)el _____, et= , C3=-:b, :
SIR P sill E

. × e, t_ --= a ---cos "re fs c.f, --" _, ._h,T ' -- (46)

Each of the two torque vectors _T_or iT._,can be expressed in general

form as :
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T 7'jej -]- ?2('2 [- ?:,('3 '" " ":= _: 71fJ [- 72f2 I_13f=.

Then the scalar products of the torques with the unit vectors a, b, c

will be :

i 7"(z- _,i)

T.h _: 7'3 ..-:.:7', (I --.,-9'/, -I" (! ._._),/j -t- T_Y,

T.e.-:?, (I ;:),,,,It, (" :';) (47)

The quantities T 1 and T I appear in (47) with the factor w, which vanishes

with averaging over the precession period Thus, the terms T 1 and T'• 1

can be thrown out at once. Specific expressions for T2, T3, T' 2 and

T' 3 should now be specified for the derivation of the final system of

equations. Goldreich does this in a twofold manner. Firstly, he uses

the Formula of Mac Donald [5], in which only the tidal interaction of

the Earth and Moon are taken into account, and the tidal torque is

proportional to the lag angle (more precisely, sin 26) independently

of the angular velocities fl and _. His expression is analogous to

(2.9), but includes Factors taking into account the inclination of the

lunar orbit to the terrestrial equator. Secondly, he uses the more

complex expression of Kaula [17], who developed the method of G. Darwin.

The expression for the tidal potential in it is represented by a Fourier

series in linear combinations of the frequencies _¢; e{ and (.)o. Thus,

"in addition to the differences in the expressions for the torques ac-

cording to Mac Donald and Kaula, the solar tides on the Earth are not

taken into account in the first place, and are taken into account in

the second. It shoulU be noted in connection with the latter differ-

ence that the effect of solar tides on the Earth at present as compared

to the lunar is se'condary: the solar tides dissipate 3 - 5 less energy

than the lunar tides. In the past, when the lunar orbit was closer

to the Earth, the role of the lunar tides was much greater, whereas

the effect of the solar tides has remained unchanged. Thus, neglecting

the solar tides in the formulae of Mac Donald is quite valid. The

numerical results of Goldreich complete verified this (el, Figure 2.10,
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REFERENCE DATA ON THE MOON m

V

4

Ratio of the masses of the Earth and Moon ........ 81.3015

Average density ..................... 3.34 gm/cm 3

Synodic month (interval between new Moons) ...... 29.530588 days

Sidereal month (interval between the same positions

with respect to the stars) ............ 27.321611 days

Inclination of the lunar orbit to the ecliptic ..... 508,43 ''

Inclination of the lunar equator to the ecliptic .... lO32,40 ''

Inclination of the lunar orbit to the terrestrial

equator ...................... from 18°5 to 28°5

Average distance of the Moon from the Earth . . . , • • . 384,400 km

Diameter of the Moon ................... 3,476 km

Escape velocity from the surface of the Moon . ...... 2.38 km/sec °

Acceleration of gravity at the surface ......... 162.2 cm/sec 2

Average stellar magnitude of the Moon at full Moon ..... 12, m7

Average albedo . . ...... . .... . •. ....... O.07

Temperature at the surface . . . . . _ . . . _ . . . . from 120K to 407K

* Lunar Chart, Ist edition, NASA, March 1970.
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